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Crystalline silica, in the form of quartz and cristobalite, can cause respiratory diseases, such as 
silicosis. However, the observed toxicity and pathogenicity of crystalline silica is highly variable. This 
has been attributed to a number of inherent and external factors, including the presence of 
impurities that can react with the silica surface. Substitutions of aluminium (Al) for silicon in volcanic 
cristobalite, and phases occluding its surface, have been hypothesised to decrease its reactivity. 
 
Diatomaceous earth (DE), an industrial source of cristobalite exposure, is studied to determine if 
structural substitutions in cristobalite are universal and whether they influence toxicity. Crystalline 
silica is also synthesised with incremental amounts of Al and sodium (Na) dopants. The effect of 
impurities on cristobalite toxicity is investigated through the physicochemical characterisation of DE 
and synthetic crystalline silica, and toxicological studies assessing the biological reactivity of these 
particles.    
 
The physicochemical properties of DE varied by deposit source and processing technique. In 
processed DE, substantial quantities of cristobalite were observed. However, crystalline silica 
content could not be correlated with the potential toxicity of DE and this was attributed, in part, to 
impurities in the cristobalite structure and low cristobalite abundance at the particle surface. 
 
Al-only doped or co-doped (Al+Na) synthetic cristobalite contained structural substitutions (1-4 
oxide wt.% Al+Na). Co-doped samples also contained Al/Na-rich phases, such as albite. Doping 
reduced toxicity compared to non-doped cristobalite. Al-only doping was more effective at 
decreasing cristobalite reactivity than Al+Na doping. The reduction in cristobalite toxicity was 
attributed to structural impurities. 
 
This thesis concludes that impurities can reduce the toxic potency of cristobalite and may explain the 
low reactivity of cristobalite-rich volcanic ash and DE. Whilst further work is required, to determine if 
these effects are sustained long-term in the lung, the research has substantial implications for the 
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Crystalline  silica,  in  the  form  of  quartz  and  cristobalite,  is  a  known  carcinogen  and  can  causes 
diseases,  such  as  silicosis  (Greenberg  et  al.,  2007,  IARC,  1997,  IARC,  2012,  Leung  et  al.,  2012). 
However,  crystalline  silica‐rich  dusts  show  a  range  of  observed  toxicities  and  it  is  noted  that 
crystalline  silica  toxicity  is  a  variable  entity  (Donaldson  and  Borm,  1998)  termed  here  as  the 
‘crystalline  silica  conundrum’.  The  pathways  by  which  silica  causes  toxicity  are  still  not  fully 
understood, however, current research suggests that surface properties of silica dusts, including the 
distribution  of  silanol  populations  and  surface  siloxyl  radicals  are  important  in  determining  silica 
toxicity  (e.g. Pavan et al., 2013). Surface modifications, by mechanical grinding or  the addition of 
impurities,  have  been  shown  to  alter  silica  toxicity  (e.g.  Duffin  et  al.,  2001,  Fubini  et  al.,  1995, 
Vallyathan et al., 1988). In mixed dusts, the presence of other minerals and amorphous phases have 














other minerals, different  chemistries  and different particle  size  and morphologies  in  volcanic  ash 




assays,  examines  the  effect of  external  and  inherent  impurities on  crystalline  silica  structure  and 
toxicity, specifically focussing on the effect of structural  impurities within cristobalite.   DE provides 
an  occupational  case  study, where  the  form  and  purity  of  crystalline  silica within  samples  from 
around  the  world,  which  have  undergone  different  processing  techniques,  can  be  studied.  This 
provides  a  second exposure  source  that  can be used  alongside  volcanic  ash  to  try  to understand 
factors affecting cristobalite toxicity. To date, the DE hazard, and how this varies globally and within 
the same quarries/plants, has not been adequately addressed as most of the epidemiology studies 
have  been  carried  out  at  a  single  location  (California)  (e.g.  Checkoway  et  al.,  1993,  Cooper  and 
Sargent, 1984, Rice et al., 2001) and toxicology studies use few samples and rarely state their source. 
Whilst crystalline silica content in DE is used to determine crystalline silica exposure limits (Collins et 
al.,  2005,  IARC,  1997, Mossman  and  Glenn,  2013),  there  is  little  evidence  that  crystalline  silica 
content alone is a good indicator of the potential toxicity of these dusts. Therefore, this study of DE 






factors  observed  in  volcanic  ash  apply  and  it  cannot  be  conclusively  determined  if  cristobalite 
structural  impurities play  a  role  in DE  toxicity. Here,  in  a  separate  study,  the use of  synthetically 
produced cristobalite, with and without  the presence of  impurities, overcomes  these confounding 
factors. This allows the effect of structural impurities on toxicity to be assessed and characterisation 
of  these  samples  can  implicate  how  these  impurities  alter  the  silica  surface  to  control  toxicity. 
Although the ability of Al to decrease quartz toxicity is well established (Duffin et al., 2001, Knaapen 
et al., 2002, Schins et al., 2002), the mechanisms by which Al dilutes the toxicity of the silica surface 
are  still poorly understood.  It  is also not known  if cristobalite  follows  the  same  toxic pathways as 
quartz,  as  the  mechanisms  of  crystalline  silica  induced  toxicity  are  still  not  fully  understood. 
Therefore, this study provides a unique opportunity to assess the pathways of both non‐doped and 

















an  inability to bind  tightly to  lung components, even though  these samples contain up to 30 wt.% 
crystalline  silica  (Jones  and BéruBé, 2011).  Some  evidence  suggested  the potential  for  silicosis  to 
develop  over  a  prolonged  exposure  (>10  years),  however,  little  exposure  data  were  available 
(Horwell and Baxter, 2006). More recently, Damby (2012) showed that volcanic ash from a range of 
dome‐forming  volcanoes was much  less  toxic  in  vitro  than  expected  given  the  high  quantities  of 
cristobalite. Horwell  et  al.  have  also  produced  a  number  of  studies  of  rapid  ash  analysis  for  the 




Whilst  attempting  to understand why  cristobalite‐rich  volcanic  ash  is mostly  inert  in  toxicological 
studies, structural studies of volcanic cristobalite showed Al and Na impurities within the crystalline 
structure and that these substitutions are common to all volcanic cristobalite studied (Damby, 2012, 

















































sintering  of  doped  amorphous  silica  and  if  this  is  dependent  on  the  initial  quantity  of 
dopants added. 







 To determine  if the presence of structural  impurities alone can affect the toxic potential of 
cristobalite. 











This  thesis  is  constructed  to meet  the  key  aims  expressed  above,  in  an  attempt  to  solve  ’the 
crystalline silica conundrum’ with a focus on cristobalite. First, a case study addressing the variability 
in  the  physicochemical  characteristic  of  crystalline  silica‐containing DE  and  how  these  properties 
may affect  its potential toxicity will be presented. Then, a  full characterisation of synthetic, doped 





Chapter  2:  Background.  This  chapter  provides  background  on  crystalline  silica  and  the  effect  of 
dopants  on  crystal  structure,  silica‐related  disease  and mechanisms  of  toxicity,  alongside  factors 
affecting particle  toxicity, allowing  the  reader  to navigate  the  following  research chapters and will 
also give a literature review of known DE characteristics, toxicity and pathogenicity.  
 
Chapter  3:  Methodologies.  This  chapter  provides  a  detailed  overview  of  all  the methods  used 
throughout this project, including methods for physicochemical characterisation of bulk samples and 
surface parameters, and in vitro toxicological assays. A number of the methods are used throughout 



























cristobalite  samples  (Chapter 6)  is used  in  cellular  studies  to determine  if doping with Al  and Na 
impurities can alter  the  toxic potency of crystalline silica. Particles are characterised  for  their size, 
surface properties and  surface  reactivity, and used  in  in  vitro  toxicological assays. The analysis of 
doped and non‐doped crystalline silica samples, including cristobalite and some tridymite‐containing 
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The  focus of  this thesis  is the variable  toxicity of crystalline silica and potential  factors, specifically 
impurities, which may control its toxicity. Here, a background is provided, to define crystalline silica 
and assess  the effect of  impurities on  its  structure. This  is  followed by  in‐depth discussion of  the 
potential diseases  caused by  crystalline  silica exposure and  the most  recent understanding of  the 














silica  takes:  in  amorphous  silica  the  tetrahedra  are  unordered,  whereas  in  crystalline  silica  the 
tetrahedra are ordered and stacked or rotated  in different ways  to produce different polymorphs. 
There  are  five  stable  polymorphs  of  crystalline  silica;  quartz,  tridymite,  cristobalite,  coesite  and 
stishovite. Coesite and stishovite are both high temperature and pressure polymorphs and are not 
considered  further  here.  Quartz  is  the  most  abundant  polymorph  as  it  is  stable  at  surface 
temperature  and  pressure.  Tridymite  and  cristobalite  are  low  pressure  but  high  temperature 
polymorphs with stability fields of 867‐1470 °C and 1470‐1727 °C respectively (Heaney et al., 1994). 
Transformations among these polymorphs can occur but are reconstructive and require energy and 
time. Therefore,  cristobalite or  tridymite often do not  transform  to quartz upon  cooling, and are 
found metastably  in  ambient  conditions,  such  as  in  volcanic  settings,  and  the  DE  and  ceramics 
industry. 
 
Each  polymorph  also  has  two  modifications  based  upon  temperature;  low  (α)  and  high  (β). 
Transitions between α and β forms are not reconstructive and do not require breaking of bonds, and 
occur  immediately  upon  crossing  a  threshold  temperature  (i.e.  it  is  a  displacive  transition).  For 
quartz,  this  transition  temperature  is  well‐defined  and  occurs  at  573  °C  (Heaney  et  al.,  1994), 
whereas,  for  cristobalite,  the  transition  can  occur  between  170‐270  °C  (Frondel,  1962).  The 
transition temperature  is altered by structural  imperfections such as the presence of  impurities or 
the crystallisation temperature or annealing history as shown in synthetic and natural samples and is 













































































































































































































































































































































































Treatment of  amorphous  silica with  impurities pre‐crystallisation,  either by  the  incipient wetness 
method  or  by  sol/gel  techniques,  has  been  shown  to  alter  the  crystallisation  temperature  and 
polymorph produced (Table A1 in Appendix 1). Cristobalite is the polymorph most often formed over 
a  range  of  temperatures  and  impurities  in  these  experiments,  however,  quartz may  form  at  low 
temperature and dopant concentrations (Saltzberg et al., 1992, Şan and Özgür, 2009) and tridymite 




also,  if  dopant  concentrations  are  high  enough,  to  completely  inhibit  the  transition,  producing 
chemically stabilised β‐cristobalite (e.g. Alcalá et al., 1996, Chao and Lu, 2002, Perrotta et al., 1989, 
Saltzberg et al., 1992). As doping is shown to result in Al or Fe in tetrahedral coordination when co‐
doping  with  Na  or  Ca  (Gai‐Boyes  et  al.,  1993,  Zhang  et  al.,  1998),  it  is  hypothesised  that  the 
interstitial cations prevent the decrease in volume needed to convert β‐cristobalite to α‐cristobalite 
upon  cooling  and,  therefore,  a  β‐cristobalite  structure  remains,  often  called  chemically  stabilised 
cristobalite  (CSC)  (Saltzberg et al., 1992). The  incorporation of  structural  impurities has also been 
shown to increase the lattice spacing size in α‐cristobalite when dopant concentrations are not high 
enough to stabilise β‐cristobalite (Chao and Lu, 2002). The silica sol/gel method is applied in Chapter 




















in  three  forms;  acute  silicosis,  accelerated  silicosis,  and  chronic  silicosis  (Greenberg  et  al.,  2007, 
Leung et al., 2012). Acute silicosis can occur after exposure  to high concentrations of silica over a 
short period of time (<5 years) (NIOSH, 2002). Acute silicosis is often referred to as silicoproteinosis, 




pathogenic  properties  as  the  more  common  chronic  silicosis  but  which  develop  more  rapidly. 
Chronic silicosis occurs due to exposure to  low concentrations of silica over >10 years  (Ding et al., 
2002, Greenberg  et  al., 2007, NIOSH, 2002). Chronic  silicosis  is  characterised by  silicotic nodules, 
which  form  from  silica‐containing macrophages  (a  type  of white  blood  cell which  is  part  of  the 
body’s  immune  system)  and  reticulin  (collagen  fibre  in  connective  tissue).  Histologically,  these 
appear as ‘histologic tornadoes’, with a hyaline centre, and reticulin arranged concentrically around 
this, with  inflammatory cells at the periphery (Greenberg et al., 2007). When these nodules are <1 




2012, Ding et al., 2002).    It  is possible  that  secondary diseases and  infections  can develop at  this 
stage.  Silicosis development often  leads  to  secondary mycobacterial or  fungal  infections,  such  as 
tuberculosis, and chronic obstructive pulmonary disease (COPD)  (Leung et al., 2012, NIOSH, 2002). 
Autoimmune  diseases,  such  as  scleroderma,  lupus,  progressive  systematic  sclerosis,  rheumatoid 





Crystalline silica  in  the  form of quartz and cristobalite has been classified as a Group 1 carcinogen  










reactive oxygen species  (see below  for discussion) and depletion of antioxidants and occurs  in the 









The mechanisms by which crystalline silica cause disease are still not  fully understood. Due  to  the 
number of different diseases and adverse effects  that silica can cause  in the respiratory tract,  it  is 
probably that a number of different mechanisms play a role  in silica pathology. Particle deposition, 
particle retention and particle clearance from the lung are important factors in determining particle 
toxicity. Once  deposited  in  the  lung,  a  number  of  pathways might  ensue,  causing  inflammation, 








far  particles  can  penetrate  into  the  lung  is  determined  by  particle  size  and  shape,  as  airway 
diameters decrease  further  into  the body and particle deposition  is affected, as described below. 
Particles <100 µm aerodynamic diameter are deemed inhalable but cannot penetrate deep into the 
lung and  remain  in  the upper  regions of  the  respiratory  tract, where  they are easily  removed and 
are, therefore, not likely to cause adverse health effects (Quality of Urban Air Review Group, 1996). 
However, the thoracic fraction (<10 µm aerodynamic diameter) and the respirable fraction (<4 µm 


















































































































































particle  size  (Schulz  et  al.,  2000).  Diffusion  is  important  for  particles  <0.5  µm  diameter.  As  the 
distance a particle can travel  increases with time and decreased particle diameter,  it  is more  likely 
that smaller particles that can travel further will hit airspace surfaces and be deposited. Therefore, 
deposition by diffusion  is dominant  in the small airways  in the  lung periphery (Schulz et al., 2000). 










the  larger conducting and extrathoracic airways where airflow velocity  is high and  there are  rapid 
changes in airflow direction (Schulz et al., 2000).  
 




before  entering  the  lung,  electrostatic  deposition  is  more  commonly  associated  with  freshly 
fractured particles, where  the surface charge may vary substantially. Therefore,  this  is  likely  to be 
important  in  occupational  settings,  such  as  sand  blasting,  where  exposure  to  freshly  fractured 
crystalline silica is common (IARC, 1997, Leung et al., 2012). Although total deposition is important, 
particles deposited in the extrathoracic region (inhalable fraction – thoracic fraction) are less likely to 








discussed  here.  Particle  clearance  is  dependent  on  where  in  the  lung  particles  are  deposited. 
Particles deposited in the thoracic region are mainly cleared by mucociliary transport, which  occurs 
when cilia, small hairs between 5‐50 µm in length, beat to move the overlying mucus layer (Kreyling 
and Scheuch, 2000). As deposited particles can  interact  immediately with macrophages  (defensive 
phagocytic cells) and be engulfed (phagocytosis, see below), both free particles and those engulfed 
by macrophages  can be  transported up  the mucociliary  escalator  to  the pharynx where  they  are 
24 
 





clearance  pathways.  These  include,  but  are  not  limited  to,  free  particle  transport  along  the 
epithelium  (cells  lining  the airway walls)  towards ciliated airways where mucociliary clearance can 
occur, or through the epithelium  into  interstitial spaces or towards the  lymphatic system  (Kreyling 
and Scheuch, 2000). Phagocyte mediated particle clearance also occurs where particles engulfed by 
macrophages  are  moved  to  the  same  regions  as  free  particles  but  via  chemotactic  forces, 
chemokinetic or  random movement  (Kreyling and Scheuch, 2000). Phagocytic cells are vital  in  the 
particle clearance pathway and specifically alveolar macrophages. Some particles that are taken up 
by phagocytes are dissolved  in  low pH  lysosomal fluids within compartments of the cell. However, 
due  to crystalline silica’s  low solubility, breakdown does not occur and  the  toxic effect of silica on 
cells (see below) means clearance  is  low and, therefore, particle retention  in the  lung  leads to the 





As  silica particles do not  release  chemical  signals,  it  is  likely  that macrophages  come  into  contact 
with  particles  accidentally  once  deposited  in  the  respiratory  tract  or  by  epithelial  cell  signalling. 
Binding of the particle to the cell then occurs which may or may not lead to phagocytosis (Gilberti et 
al., 2008). Particle uptake by macrophages is not fully understood. However, it is hypothesised that 




not  known  if  internalisation  of  the  particle  is  necessary  for  silica‐induced  toxicity,  or  if  external 
binding can also cause toxicity (Gilberti et al., 2008). 
 
Internalised  particles  can  be  cleared  from  the  lung  as  discussed  above.  Alternatively,  particle 
clearance  may  fail.  Particle  uptake  involves  the  internalisation  of  particles  into  lysosomal 
compartments,  which  have  low  pH,  in  order  to  try  to  break  down  the  particle.  However,  as 
crystalline silica is insoluble, a failure to break down the particle can lead to oxidative stress, a loss of 
membrane integrity and apoptosis, programmed cell death (Ghiazza et al., 2011, Gozal et al., 2002, 
Thibodeau et al., 2004). This  can  lead  to  the  recruitment of more phagocytic  cells  to  remove  the 
dead cell material and the newly exposed particle. These in turn may die leading to the recruitment 




silica.  Activator  protein  1  (AP‐1),  has  been  implicated  in  the  pathway  to  apoptosis,  and  can  be 
stimulated by the mitogen‐activated protein kinase (MAPK) pathways (Ding et al., 2002). Activation 
of nuclear  factor  κB  (NF‐κB), another  transcription  factor,  can also be  stimulated  in macrophages 




this  has  translocated  into  the  nucleus  using  fluorescent  imaging  (see  Chapter  3  for  detail  and 
Chapter  7  for  application). Once  activated, NF‐κB  can  play  a  role  in  the  production  of  cytokines, 





A  number  of  pro‐inflammatory  chemokines  and  cytokines  have  been  implicated  in  silica‐induced 
diseases, such as interleukins and chemoattractants. Of these, the most studied is TNF‐α, which is a 
pro‐inflammatory  cytokine  implicated  in  silica‐induced  inflammation  and  fibrosis  (Piguet  et  al., 
1990).  The  alveolar macrophage has been  identified  to play  a  critical  role  in  cytokine production 
(Gozal et al., 2002), and silica is able to upregulate TNF‐α mRNA expression in macrophages and TNF‐
α  protein  production  (Chen  et  al.,  1995,  Gozal  et  al.,  2002,  Rojanasakul  et  al.,  1999).  However, 
different macrophage cell types have different abilities to produce TNF‐α or induce NF‐κB activation 
(e.g.  silica‐exposed  RAW  264.7  macrophages  enhance  these,  whereas  silica‐exposed  IC_21 
macrophages do not (Gozal et al., 2002)). A number of studies have shown that the inhibition of NF‐
κB prevents the production of TNF‐α protein and, therefore, may prevent silica fibrosis (Chen et al., 




Silica has also been shown  to upregulate expression of  interleukin‐1  (IL‐1α and  IL‐1β)  (Chen et al., 
1995), another  pro‐inflammatory cytokine. Silica may also alter anti‐inflammatory cytokines, such as 
IL‐10  and  other  chemoattractants  involved  in  neutrophil  and  macrophage  chemotaxis.  Most 
recently,  the  role of  the  inflammosome  (a multicomplex protein called NALP3)  in crystalline silica‐
induced  toxicity  has  been  shown  (Cassel  et  al.,  2008,  Peeters  et  al.,  2014).  Proteins within  the 
inflammosome  can  react  to  form  capase‐1, which has  the ability  to produce  IL‐1β  cytokines  from 
their precursor Pro‐IL‐1β (Cassel et al., 2008, Leung et al., 2012). It has been shown in silica‐treated 
macrophages,  epithelial  cells  and  mice  that  secretion  of  IL‐1β  is  dependent  upon  the  NALP3 












Dangling  bonds  produce  surface  based  silica  radicals,  as  described  above  (Section  2.2.1).  These 
radicals  can  react with oxygen  to  form  surface bound ROS,  including SiO●, SiO2●, SiO3● and Si‐O2‐● 
(Fubini and Hubbard, 2003). The surface bound ROS can be the source of reactions to produce free 
radicals. The pure surface can also produce free radicals in solution (Duffin et al., 2001, Fenoglio et 
































Exposure  of  cells  to  crystalline  silica  can  lead  to  the  ‘respiratory  burst’  where  phagocytic  cells 
(macrophages)  produce  O●‐,  H2O2  and  increased  oxygen  consumption  (Albrecht  et  al.,  2005, 




inflammatory cells  into rat  lungs treated with quartz, and RNS with the total cell count  in the  lung. 
This  indicates  the  importance  of  ROS/RNS  in  silica‐induced  toxicity.  The  use  of  ROS  scavengers 





(Ding  et  al.,  2002),  and  H2O2  or  HO●  scavengers  can  inhibited  silica‐induced  NF‐kB  and  TNF 
production  (Ke  et  al.,  2006,  Rojanasakul  et  al.,  1999),  also  shown  in  cristobalite‐treated 
macrophages, where the addition of antioxidants decreased the ability of cristobalite to induce TNF‐
α and MIP‐2 (another pro‐inflammatory cytokine) (Barrett et al., 1999). ROS is also involved in NF‐kB 
activation  in  human monocytes  treated with  ultrafine  carbon  black  (Brown  et  al.,  2004).  These 
studies  show  the  importance  of  ROS  and  RNS  in  inducing  key mechanisms  in  the  silica‐induced 
inflammation  and  fibrosis  pathways.  ROS/RNS  are  also  implicated  in  genotoxicity  and,  therefore, 
























A number of  studies have  compared different quartzes  in  terms of  their  toxic potential  in animal 
models to determine the variable toxicity of quartz. Clouter et al. (2001) compared the ability of two 
workplace quartz  samples and DQ12  (a quartz  sand of high  toxic potency)  to  cause  inflammation 
after  intratracheal  instillation  in  rats.  Rats  treated with  DQ12  exhibited  increased  inflammation, 
measured  by  increased  neutrophil  numbers,  and  also  had  increased  protein  levels  in  the 
bronchoalveolar  lavage,  whereas  both  commercial  samples  did  not  induce  these  effects.  These 
differences could not be attributed  to particle  size,  surface area,  released  iron or HO● production 
(the  importance  of  which  are  discussed  below).  Seiler  et  al.  (2004)  considered  toxicity  of  four 
commercial  quartz  dusts  and  DQ12  to  rats  and  showed  differences  in  inflammation,  TNF‐α 
















in  the  concentrations  of  DQ12  and  commercial  quartz  needed  to  cause  significant  DNA  strand 
breakage have also been observed  (Cakmak et al., 2004). Although a number of toxicology studies 






The  variable  toxicity  of  crystalline  silica  highlighted  above  has  been  attributed  to  a  number  of 
different particle properties and external  factors,  including polymorphic  form, age of  the  surface, 
presence  of  impurities,  and  particle  size  and  surface  area  (Meldrum  and  Howden,  2002).  These 
factors are discussed in detail here. As it is the insoluble particle surface that biological components 
react with, factors controlling silica toxicity likely relate to  its surface properties, and, in particular, 
surface  silanols  and  surface  radicals, which  are  implicated  in  silica  induced  toxicity.  The  role  of 
surface radicals leading to oxidative stress is discussed above (Section 2.4.2.4).  
 
The  density  of  silanol  populations  on  the  silica  surface  cannot  be  correlated with  its  haemolytic 
potential  (Pavan  et  al.,  2013).  However,  the  distribution  of  isolated  and  geminal  silanols  is 












There are  few  studies which directly  compare  the  toxicities of  the different  silica polymorphs. An 
early study (King et al., 1953) on the effect of intratracheally injected quartz, tridymite or cristobalite 
into  rats  showed  that quartz and  cristobalite had  similar  fibrogenic potency, although  cristobalite 
produced  fibrosis more  rapidly. However,  tridymite was much more potent,  causing more  severe 
fibrosis  extremely  rapidly.  Since  then,  few  studies  have  compared  tridymite  with  the  other 
polymorphs, however, Marks et al. (1956) showed no difference between cristobalite and tridymite 
toxicity, which was  greater  than  the  toxicity  of  quartz. More  recently, Ghiazza  et  al.  (2011)  also 




However,  Elias  et  al.  (2002),  indicated  that  polymorphic  form  did  not  control  the  transforming 
potency (indicator of genotoxicity) or cytotoxicity of silica, and that surface silanol populations were 
more  important.  Also,  a  review  comparing  literature  of  the  toxicities  of  quartz  and  cristobalite 
showed  no  difference  in  their  toxic  potential  overall  (Mossman  and  Glenn,  2013).  This  is  likely 















or  Si+  and  Si‐O‐  (Fubini  et  al.,  1995, Vallyathan  et  al.,  1988)  (Section  2.2.1).  These highly  reactive 
species  subsequently  react with  components  in  the  atmosphere  to  form  peroxyradicals  (Si‐O2●), 




It has been  shown  that,  in  air,  silica  surface  radicals diminish with  a half‐life of  ~  30 h, which  is 
related  to a decrease  in  the generation of HO●  in H2O2  (Vallyathan et al., 1988). Further,  this was 
linked to the respiratory burst of alveolar macrophages. As the age of the silica surface (stored in air) 
increased, the haemolytic potency to RBCs, cytotoxicity to alveolar macrophages and release of H2O2 
and  superoxide  from macrophages was decreased  (Vallyathan et  al., 1988).  Surface  radicals have 
been  shown  to  persist  on  the  silica  surface  in  aged  dusts,  however,  these  do  not  appear  to  be 
involved in silica pathogenicity (Fubini et al., 1995). Freshly fractured surfaces have also been shown 











The effect of Al  treatment on  crystalline  silica  toxicity  is well established  (Table 2.1). Duffin et al. 
(2001)  showed  treatment  of  DQ12  quartz with  aluminium  lactate  (AL)  decreased  its  haemolytic 
potential, where the effect was more pronounced at low doses than high doses (12‐fold decrease at 
0.63 mg/ml  compared  to  2‐fold  at  5 mg/ml). Other  studies  have  also  shown  the  ability  of  AlCl3 
treatment and  treatment with Al‐rich clay extracts  to decrease  the haemolytic potential of quartz 
(Nolan et al., 1981, Stone et al., 2004). AL treatment of quartz has also been shown to decrease the 





in  inflammatory cells and proteins, has been shown  in a number of studies  (Albrecht et al., 2005, 
Cullen et al., 1997, Duffin et al., 2001, Duffin et al., 2002, Duffin et al., 2007, Knaapen et al., 2002). 
To further assess the potential mechanisms by which AL treatment reduces quartz toxicity, Duffin et 
al.  (2001) measured NF‐κB  activation, MIP‐2  (a pro‐inflammatory  cytokine) mRNA expression and 
HO●  generation  by  particles.  AL  treatment  significantly  decreased NF‐κB DNA  binding  and MIP‐2 
mRNA expression compared to saline treated DQ12, and caused a 60% reduction in HO● generation 
indicating a  reduction  in pro‐inflammatory  indicators and oxidative  stress. Treatment with AL has 
also  been  shown  to  decrease DNA  damage  in  vivo  (Knaapen  et  al.,  2002).  It  is  clear  from  these 
studies  that  Al  can  reduce  the  toxic  potential  of  quartz.  However,  the mechanisms  by which  Al 







of Al, as  the presence of Al does not decrease PVNO binding  (Nolan et al., 1981).  It  is known  that 
PVNO binds by a strong H bond with silanol groups on the surface (Fubini, 1998). The alteration of 
silanol groups by both AL and PVNO and  the accompanying decrease  in quartz  toxicity  shows  the 
importance  of  these  groups  in  silica‐induced  toxicity,  and  that  both  AL  and  PVNO  can  decrease 
















DQ12  AL  Animal  Rat  Inflammatory cell count  AL treatment ↓ inflammatory and cytotoxic indicators 




        cytotoxicity (LDH)   
        Histopathology   
             
Cullen et 
al. (1997) 
DQ12  AL  Animal  Rat  Inflammatory cells  AL treatment ↓ inflammatory indicators 
           
  AL  Cell  macrophages  Cytotoxicity (LDH)  AL treatment ↓ superoxide dismutase (involved in oxidant 
injury)     H2O2 
    superoxide dismutase  
           
  AL  acellular   OH generation  No difference to untreated quartz 
             
Duffin et 
al. (2001) 
DQ12  AL  Cell  human RBC  Haemolysis  AL treatment ↓ haemolysis 
           
    Animal  Rat  Inflammatory cell count  AL treatment ↓ inflammatory indicators and NF‐κB 
activation         MIP‐2 
        NF‐κB activation 
           
    acellular   OH generation  AL treatment ↓ OH generation by quartz 




DQ12  AL  Animal  Rat  MIP‐2  AL ↓ inflammatory indicators 
        Inflammatory cell count   














           
    Animal  Rat  Total  protein  AL and PVNO ↓ inflammatory indicators, cytotoxicity and 
DNA damage         Cytotoxicity (LDH) 
        Myeloperoxidase  PVNO was more effective at ↓ quartz reacƟvity than AL 
        DNA damage   
             
Nolan et 
al. (1981) 
Min‐U‐Sil  AlCl3  Cell  human RBC  Haemolysis  Al treatment ↓ haemolysis 
  PVNO        PVNO ↓ haemolysis 




Min‐U‐Sil  AL  Cell  MH‐S  Apoptosis  AL treatment ↓ apoptosis 
        lysosomal damage  AL treatment did not ↓ lysosomal leakage but altered 
lysosomal damage 
        cytotoxicity (LDH)  AL treatment ↓ cytotoxicity 
             
Schins et 
al. (2002) 





uptake   PVNO    Cytotoxicity (LDH, MTT) 
      Particle uptake 
           
    acellular   OH generation  AL and PVNO ↓ OH generaƟon 
             
Stone et 
al. (2004) 




       





       
  Hectorite 
extract 
       
           
  CMD extract  Animal  Rat  Inflammatory cell count  CMD extract ↓ inflammatory cells, protein in BAL 
  Kaolin extract      MIP‐2  Kaolin and hectorite extracts ↓ inflammatory cells 
  Hectorite 
extract 




Silica toxicity can also be altered by Fe  impurities (Table 2.2), however, the effect of Fe  is  less well 
understood  than  that  of  Al  or  PVNO.  Treatment  of  quartz  with  FeCl3  decreased  its  haemolytic 
potential,  however  this was  to  a  lesser  extent  than AlCl3  treatment  (Nolan  et  al.,  1981).  Cellular 
studies have shown treatment of quartz with Fe(NO3)3 can decrease the cytotoxicity and apoptosis 
to  rat  alveolar macrophages  (Ghiazza  et  al.,  2011),  and  treatment with  ferric  or  ferrous  chloride 
decrease H2O2  production  by macrophages  (Cullen  et  al.,  1997).  Particulate  Fe  contamination  of 
quartz  increased  its  inflammatory potency  in vivo (Cullen et al., 1997), and Castranova et al. (1997) 
showed high levels of particulate Fe contamination could increase damage to the alveolar air‐blood 
barrier,  inflammation,  macrophage  activation  and  lipid  peroxidation.  Conversely,  treatment  of 
quartz with  ferric or  ferrous chlorides had no effect on  its  inflammatory potency  in  the  rat model 
(Cullen et al., 1997).  
 
A number of studies have shown  that Fe  in quartz can  increase HO● generation  (e.g. Daniel et al., 
1995, Fubini et al., 1995, Ghiazza et al., 2011). Daniel et al. (1995) showed removal of iron impurities 
from quartz decreased HO● production and O2 consumption  in vitro. Ghiazza et al.  (2011) showed 









































carbonyl iron      TNF‐α 
         
Fe2+ and Fe3+ 
chlorides 
Cell  Macrophages  Cytotoxicity (LDH)  Fe ↓ H2O2 producƟon  
H2O2   
superoxide dismutase   
         
Fe2+ and Fe3+ 
chlorides 
acellular    OH generation  No difference to untreated quartz 
             
Ghiazza et 
al. (2011) 
Quartz  Fe(NO3)3  acellular    OH and COO generation  Fe ↑ OH but ↓ COO producƟon 
           
    Cell  rat alveolar 
macrophages 
Cytotoxicity (WST‐1)  Fe ↓ cytotoxicity and apoptosis 
    Apoptosis  Fe had no effect on particle uptake 
    Particle uptake   
             
Nolan et al. 
(1981) 














phase) has also been  shown  to affect  its  toxicity  in  coal mine dusts  (Donaldson and Borm, 1998, 
Tourmann  and  Kaufmann,  1994).  Investigation  of  coalmine  dusts  and  quartz  mixed  with  coal  
suggested  that  the  removal  of more  soluble minerals  over  time  from  quartz‐containing  particles 
leads to delayed, but comparable, toxicity to pure quartz dusts (Le Bouffant et al., 1982). However, 
in a later study, protective clay layers were not removed after long exposure of particles in the lung 
and  the  per  cent  of  uncoated  quartz  could  not  be  correlated  to  silicosis  grade  (Tourmann  and 
Kaufmann, 1994).  Instead, Fe  leaching from the dusts was correlated with massive nodular fibrosis 
(Tourmann  and  Kaufmann,  1994),  likely  by  the  mechanisms  described  above.  Release  of  other 
components from the mineral  impurities  in solution may also react with the silica surface, thereby 
altering  toxicity.  Treatment  of  DQ12  with  coalmine  dust,  kaolin  and  attapulgite  (clay  minerals) 
extracts  decreased  its  haemolytic  potential,  and  coalmine  dust,  kaolin  and  hectorite  decreased 
inflammatory markers  in  vivo  (Stone  et  al.,  2004).  However,  treatment with montmorillonite  or 
hectorite extracts did not decrease quartz‐induced haemolysis, showing the type of clay is important 
in  determining  its  effect  on  quartz  reactivity.  A  cation  chelator  decreased  the  inhibitory  effect 















particles are non‐porous and a  regular  shape). Duffin et al.  (2002)  showed  that  surface area dose 
determined the  inflammatory potential of  low solubility,  low toxicity particles  instilled  in rat  lungs. 
As  the correlation passed  through zero  it was  shown  that only  the difference  in  surface area was 
accountable for the different inflammogenic potency of these dusts. A comparison with DQ12 quartz 
to  these  low  toxicity dusts  showed an expected  increased  toxicity  from  the  trend  line  suggesting 
that,  although  surface  area  is  likely  to  play  a  role  in  crystalline  silica  toxicity,  other  surface 







polystyrene beads  (Clift et al., 2008). Particle  shape can also have a  significant  impact on particle 
phagocytosis  and  has  been  shown  to  be  more  important  than  particle  size  (Champion  and 
43 
 
Mitragotri,  2006).  Fibres  (aspect  ratio  >3,  length>5  µm  and  diameter  <3  µm  (WHO,  1985)),  in 





Although crystalline  silica  fibres are  rare and,  therefore, may not be  the cause of most crystalline 
silica toxicity observed throughout different  industries, some  instances of crystalline silica fibres or 
fibre‐like particles  (aspect  ratio >3) exist.  In volcanic ash, nanofibers of cristobalite were observed 
(Reich et al., 2009). However, these particles had a diameter of 20‐50 nm and a length in the order 
of hundreds of nm so are not  long enough to cause frustrated phagocytosis. Ziemann et al. (2014) 
presented a unique  case of  cristobalite  fibres  crystallised  from alkaline earth  silicate wools  (AES). 
Samples of AES contained 8‐34 wt.% crystalline silica after heat treatment and 12‐33 X106 fibre‐like 




these  samples.  Other  particle  morphologies  are  also  important  in  particle  toxicity:  graphene 
platelets  have  a  low  aerodynamic  diameter  due  to  their  sheet‐like  structure  so  are  respirable. 
However, they have a large geometric diameter of up to 25 µm and can cause inflammatory effects 
in vitro and in vivo (Schinwald et al., 2012). Particle shape, rather than surface area, was also shown 










2002). Ambient exposures are  from volcanic ash, and crustal dusts  (e.g. dust  storms) and  through 
environmental  exposures  to  industrially‐generated  dusts  (e.g.  construction,  agriculture,  open‐cast 
mining etc.).  
 
Exposure to cristobalite and tridymite  is  less common. Tridymite, especially,  is of  little concern due 
to the few exposure routes: small amounts in volcanic settings and some DE and ceramics industries. 
Cristobalite  is much more predominant  in these settings.  In volcanic ash  in dome‐building settings, 
cristobalite can comprise up to 30 wt.% of the ash  (Jones and BéruBé, 2011, Horwell et al., 2014). 
However,  the  toxicity of  the  ash  cannot be  related  to  the  cristobalite  content,  and epidemiology 
studies  are  usually  short‐term  and,  therefore,  not  long  enough  to  track  the  onset  of  silicosis  in 
exposed populations (Damby, 2012, Horwell and Baxter, 2006). As volcanic eruptions producing the 
ash are  rarely  continuous, exposure  is often  intermittent and  sometimes  short‐term. However, at 
Soufrière Hills Volcano  (SHV), Montserrat,  frequent eruption of cristobalite‐laden ash occurred  for 
>10  years  (Horwell  et  al.,  2014).  Still,  epidemiological  evidence  is  limited.  Clinical  and  exposure 
studies at SHV began  in 1997,  two years after  the  initial eruption, and  follow‐up periods allowed 
production of a risk assessment of the potential for silicosis to develop (Baxter et al., 2014). The risk 
of  silicosis was  found  to be  low. However, preventive measures  (evacuation of ash‐rich areas and 
use of masks) and the emigration of large numbers of the population (meaning long‐term follow‐up 





Other  cristobalite  exposure  can  occur  in  the  pottery  industry.  Cherry  et  al.  (1998)  showed  an 
increase in lung cancer in pottery workers exposed to cristobalite. However, although this could be 
related to mean silica exposure it could not be related to cumulative silica exposure. By far the most 
common and,  therefore, most  studied, exposure  to cristobalite  is  in  the DE  industry. As DE  is  the 







Diatomaceous earth  (DE), also  referred  to as kieselguhr or diatomite,  is a  sedimentary deposit of 
highly siliceous diatom frustules. In  its raw form, DE  is predominantly amorphous, however, during 
processing crystallisation  to predominantly cristobalite occurs  (see below). Deposits of DE are also 
often  found  in  close  association  with  clay  minerals,  such  as  smectite  and  illite.  Due  to  the 
morphology  of  the  diatom  frustules,  DE  is  a  highly  porous material, with  low  density  and  high 




















Republic  49000 Argentina  55000 
Denmark  128125   Brazil  3000 
France  85000   Chile  27092 
Hungary  434   Peru  124917 
Poland  600    
Spain  53713   China  420000 
Turkey  85000   Japan  100000 
   Korea (Rep. of)  34000 
Algeria  2124 Saudi Arabia  1000 
Ethiopia  4000 Vietnam  10000 
Kenya  1054    
Mozambique  550 Australia  21000  
   New Zealand  4 








In order  to provide  the optimum product  for different end uses, DE  is processed. The processing 
procedure  is  shown  in  Figure  2.5.  First  DE  is  quarried  and  transported  from  the  mine  to  the 
processing plant, where DE deposits of different  grades  (based  on  the purity of  the deposit)  are 
mixed in varying quantities, dependent upon the required purity of the final product. This mixture is 
then milled and dried at  low temperatures.  If further processing  is required, calcination can occur. 
Calcination  is a process that  involves heating the powder to high temperatures of ~1000 °C, which 
leads  to  the  decomposition  of  carbonates  and  other  compounds  considered  as  impurities.  This 
process causes particles to agglomerate into a coarser grained product, more suitable for use in the 
filter aid  industry. Calcination  can occur with  (flux‐calcined) or without  (simply‐calcined)  a  fluxing 
agent, usually sodium carbonate or sodium chloride. The  fluxing agent generally produces a white 























































































































Table  2.4:  Chemical  composition  of  DE  used  in  a  number  of  studies  and  from  industrial  websites.  U  = 
unprocessed, C = calcined, FC = flux‐calcined. 
      Chemical Composition (oxide wt.%) 
Reference  Country  Condition  Si Al Fe Ti Ca  Mg  Na K




Australia  U  90.1 4.6 3.2 0.4 0.6  0.6  0.1  0.1





China  U  >87 <3 <1.5  <0.3  <0.4





China  U  65.5 16.5 6.5  1.5  2.5 
  U  68.0 17.5 5.5  1.5  2.5 
  C  90.0 4.5 1.8  1.0  1.2 
  C  90.0 4.5 1.8  1.0  3.0 
  FC  89.5 4.2 1.8  1.0  3.0 
  FC  89.5 4.2 1.8  1.0  0.5 
                     
Ghiazza et al. 
(2009) 
European  C  90.4 3.7 2.3 0.1 1.3  0.4  0.0 0.3
  FC  88.0 3.1 2.1 0.5 1.3  0.3  4.4 0.2
  FC  88.8 2.9 2.0 0.5 0.5  0.2  3.7 0.2
                     
Elias et al. (2000)  France  U  97.8 0.9 1.2   0.3  0.2     
  FC  97.9 0.5 0.9 0.2 0.3  0.1     
                     
Imerys Minerals 
Ltd. (2012) 
France  C  89.4 3.5 1.7   0.5  0.4  2.4 
  FC  91.7 2.8 1.8   0.4  0.3  2.5 
                     
Nowak (1976)  Iceland    89.4 2.1 2.3   0.7      0.2
                     
Mahani and 
Kazemeine (2003) 
Iran  U  84.2 4.9 1.5          
    76.4 8.5 2.3          
    90.5 2.3 0.6          
  H2SO4 
treated 
93.9 2.3 0.2          
    85.1 5.2 0.6          
    93.8 2.3 0.2          






































                     
Imerys Minerals 
Ltd. (2012) 
Spain  U  74.3 0.8 0.4 9.0  0.4  0.1 
  C  91.6 0.7 0.4 3.9  0.4  1.5 
    FC  93.2 0.9 0.4 3.5  0.4  1.5 




Thailand  U  71.9 14.6 5.8 0.5 0.2  0.7     
                     
Tsai et al. (2006)  Thailand  C  92.0 3.3 1.3          




Thailand  U  77.5 14.2 5.2 0.5 0.0  0.5  0.2 2.1
                     
(Goren et al., 2002)  Turkey  U  74.4 14.6 3.6   1.6  1.4  0.7 2.4
    HCl 
treated 
80.0 14.0 2.8   0.6  0.9  1.5  
                     
(Şan et al., 2009)  Turkey  U  68.1 18.0 3.4 0.3 1.0  4.2  0.7 1.3
  HCl 
treated 
78.7 14.1 2.3 0.3 0.3  1.3  0.6 0.9
                     
Elias et al. (2000)  USA  U  98.3 0.5 0.6 0.1 0.2  0.2     
  FC  98.3 0.5 0.7   0.2  0.2     
                     
Hart and 
Hesterberg (1998) 
USA  U  82.8 3.8 1.3 ‐  0.7  0.8  0.6 0.7
  FC  87.0 4.3 1.6 ‐  0.6  0.8  4.4 0.7





































silica content  is shown to be very  low  in unprocessed samples (0‐4 wt.%), high  in calcined samples 




sands  that may be  found  in  the  deposits  (Hein  et  al.,  1978),  as DE deposits  are often  formed  in 






that  opal‐CT  is  formed  by  cristobalite  and  tridymite  stacking  (Mizutani,  1977).  Therefore, 
identification of cristobalite or tridymite in DE deposits may be due to the misidentification of opal‐
CT.  Regardless,  calcination  dramatically  increases  the  amount  of  crystallisation,  resulting  in 
crystalline  silica  contents  up  to  20%  and  80%  in  calcined  and  flux‐calcined  samples  respectively, 
usually with cristobalite the predominant polymorph produced (Table 2.5).  
 
Contaminant minerals,  such as  clays and  carbonates are often  seen  in DE deposits. Clays  such as 















    Cristobalite  Quartz  Total 
         
(Bye et al., 1984)  U  1‐3 1‐3 
  C  0‐11 1‐2 2‐12 






  FC  20‐25 20‐25 
     
Elias et al. (2006)  U  0 0 0 
  C 900  <0.5 1 1 
  C 1200  48 1 49 




C  20 NQ 20 
FC  45 45 











FC  >70 <2 >70 
       
Smart and 
Anderson (1952) 
C  1‐3   1‐3 













DE  has  been mined  for many  years  and  one  of  the  first  studies  on  the  health  effects  caused  by 
occupational exposure  to DE was by Legge and Rosencrantz  (1932). This  study  looked at DE  from 
California, which contained approximately 85 wt.% SiO2 when dry, and assessed the damage to the 
lungs of 108 Mexican men using x‐ray examinations of the chest. This preliminary study concluded 













group  to  study  mortality  patterns  of  the  workers  in  DE  mines  and  plants.  The  initial  study 
(Checkoway et al., 1993) was undertaken in two plants in California and the main cohort consisted of 
2570 white men. Cause of death data were determined  from  the National Death  Index  (NDI) and 
death certificates and exposure was determined from personal records,  including work history,  job 





and  infectious disease  (SMR = 2.59), and  lung cancer  (SMR = 1.43). This was supported by similar 
findings  in smaller cohorts of black men, white women and white men with previous exposure  to 
asbestos working  in  the  DE mines.  Relative  risks were  also  calculated  for  increasing  duration  of 
exposure  to  dust  and  cumulative  crystalline  silica  exposure,  showing  a  strong  gradient  when  a 
latency period of 15 years was used and a relative risk of 2.88 for workers employed over 20 years.  








this  cohort by Hughes et  al.  (1998), where  radiographic evidence was used, determined  a  strong 





with positive  chest  x‐rays  showing  silicosis  (Checkoway et al., 1999). The above  studies, although 
fraught with uncertainties, are  the most detailed  studies on DE workers and have been used  in a 
numerous  reviews of  silica  toxicity  (e.g. Borm  et  al., 2011,  Steenland  et  al.,  2001)  and  in  studies 








0.29 mg/m3  respirable  crystalline  silica.  Rice  et  al.  (2001)  concluded  that  at  the  current  NIOSH 
recommended  exposure  limit  (REL;  0.05  mg/m3  respirable  crystalline  silica)  there  was  a  2% 
(19/1000) above background risk of a male worker, working for 45 years, suffering from lung cancer. 
There  is  an  added  risk  of  75/1000 workers  developing  silicosis  at  these  recommended  exposure 
levels,  and  at  the  higher  exposure  concentration  of  0.29  mg/m3,  which  these  DE  workers  are 
exposed  to, 200/1000  lifetime excess deaths would occur due  to LDOCs  (Park et al., 2002). These 




DE workers.  The  ability  of DE  to  cause  pneumoconiosis was  supported  by  chest  x‐rays  of  20 DE 
workers, where it was established that processed DE was more potent than unprocessed (Smart and 
Anderson, 1952). Harber et al. (1998) showed a correlation between exposure and grade of disease, 
but  no  correlation  between  cristobalite  exposure  and  lung  function  (i.e.  spirometric  tests)  was 

























































































































































































































































































































Other DE plants have  also been  studied but  in much  less detail.  Studies of  a DE plant  in  Iceland 
supports  findings  from  those  studies performed  in California  (Rafnsson and Gunnarsdóttir, 1997). 
The study of a cohort of 1346 DE workers suggested a link between cristobalite and DE exposure and 
lung cancer when compared to the Icelandic public. This study allowed the discrimination between 
those workers  involved  in production  and  exposed  to  0.02‐0.5 mg/m3  respirable  cristobalite  (but 
who may have been exposed  to other carcinogens  in  the processing plant), and  those  involved  in 
ship‐loading of the final product, exposed to 0.03‐0.7 mg/m3 respirable cristobalite. An increase in all 
cancers  and  lung  cancer was  observed  for  the  entire  cohort  and  for  those men working  only  in 
loading. The  length of employment was also  important, with men working 5 years or more or 300 











1931  to 1975,    six  cases of  silicosis  in DE  factory workers were  reported  to  the  Swedish national 
pneumoconiosis  register  (Beskow,  1978).  These  cases  showed  that  calcined DE was more  potent 









as a natural pesticide, showed that  there was no  increased risk of pneumoconiosis  in the exposed 
group  compared  to  control groups. However, airway obstruction did occur  in  the exposed group. 
There was no difference between the effects of total dust and respirable silica, likely due to the DE 
























DE, an effect  that decreased with  time  (Adamis et al., 2000). While  inhalation of unprocessed DE 
(170 million particles per cubic foot (mppcf)) by guinea pigs for 39‐44 h/week for 24 months resulted 
in fibrosis, calcined, cristobalite‐rich DE was seen to cause more severe fibrosis more rapidly (Pratt, 







Reference  Sample(s)  Assay  Exposure  Animal 
subject 




























































































































































membrane damage  (as an  indicator of cytotoxicity) to macrophages. Cytotoxicity could be  induced 
by  exposure  to  unprocessed,  calcined  and  flux‐calcined DE.  However,  flux‐calcined  samples  (>70 
wt.%  cristobalite)  were  significantly  less  cytotoxic  than  unprocessed  samples  (amorphous)  or 
calcined  samples  (<11 wt.%)  and  no  explanation was  given  as  to why.  Brown  et  al.  (1980)  and 
Chamberlain et al. (1982) showed that fibrous DE was more reactive in vitro than non‐fibrous DE, but 
in  each  instance  the  calcined  sample was  less  toxic  that  the  corresponding  unprocessed  sample 
(Brown et al., 1980). Hart and Hesterberg  (1998) showed  treatment with unprocessed or calcined 
flux‐calcined DE could decrease cell proliferation, colony  forming efficiency, and cytotoxicity.  In all 
instances unprocessed DE,  containing 4 % quartz but mainly amorphous, was more  reactive  than 
flux‐calcined samples  (40 % cristobalite +2 % quartz). Later, Ghiazza et al.  (2009) also showed that 
flux‐calcined  samples  containing  ~45  %  cristobalite  were  less  cytotoxic,  pro‐inflammatory  and 
caused  less  oxidative  stress  than  calcined  samples  with  only  20  %  cristobalite  content.  They 













1200  °C  inhibited  cell  proliferation more  than  unprocessed DE  or DE  heated  at  900  °C,  yet  both 
heated DE samples were less cytotoxic and less reactive than unprocessed DE in affecting abnormal 
cell  division.  Flux‐calcined  samples  were,  however,  the  most  cytotoxic.  The  morphological 
transforming  potency  (an  indicator  of  genotoxicity)  was  greater  for  calcined  and  flux‐calcined 
samples  than unprocessed DE and was  linked  to  the  increased  free  radical production  from  these 
samples  compared  to  unprocessed  DE.  Exposure  to  both  unprocessed  and  flux‐calcined  DE  also 






Reference  Sample(s)  Assay  Cell line  Dose  Duration  Results  Conclusions 

















membranes.    Haemolysis  Erythrocytes  2 mg/ml  1 h  DE caused 99% haemolysis. 
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Chapter 3  
Methodologies 
             
 
A variety of different methods were used in order to fully characterise the samples used throughout 
this thesis, and to test their toxic potential. Here, these methods are described in detail and will be 
referred to in future chapters.  
 
Both diatomaceous earth and synthetic crystalline silica samples were used. The samples chosen for 
analysis are described in detail in the relevant chapters and will not be discussed here. Samples were 
prepared in various ways for different techniques. As DE samples were provided in a powdered 
form, all analyses were performed on powders, and the separated fine fraction of these powders. 
Synthetic crystalline silica samples were produced as pellets (see Chapter 6 for method). Sections of 
these pellets were used to produce cross sections for imaging and elemental analysis. The remainder 
of the pellets were ground into a fine powder for further analyses. 
 
3.1 Sample preparation 
 
For toxicological analyses it is important to use particles that are biologically relevant i.e. particles 
that have the potential to penetrate into the lung. Particles are classified as inhalable, thoracic and 
respirable, based on the particle size (<100 µm inhalable; <10 µm thoracic; <4 µm respirable (Quality 
of Urban Air Review Group, 1996)) (see Chapter 2). Therefore, the fine fractions, which were 




3.1.1 Separation of the fine fraction – diatomaceous earth 
 
Separation of the fine fraction of DE powders was performed by a dry re-suspension method 
previously described by Moreno et al. (2005) and used for the separation of fine fractions of volcanic 
ash (Jones and BéruBé, 2011). The sample was suspended in a horizontal rotating drum with a baffle 
(1.5 rpm). Airflow of 6 l/min was passed through this system, which carried suspended particles 
through a gravitational settling chamber, where coarser particles were deposited, and the fine 
fraction continued through a Negretti elutriation filter system and was collected on a polycarbonate 
filter (Figure 3.1). Particles were gently scraped from the filter using a Teflon spatula and particle size 




Figure 3.1: Schematic of the dry-resuspension method used to separate the fine fraction of DE. 
 
3.1.2 Grinding to a fine powder – synthetic crystalline silica 
 
Synthetic crystalline silica was produced by heating a silica sol/gel at high temperatures to produce a 
pellet (see Chapter 6 for detail). To grind this pellet into particles sufficiently small to potentially 
enter the lung, hand grinding and cryogenic milling were both tested. For hand grinding, samples 
were ground by hand in air, in an agate mortar and pestle until no large grains could be felt. 
Cryogenic grinding was performed using a 6870 Freezer/Mill® (SPEX®SamplePrep) within a 
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polycarbonate tube with polycarbonate coated magnet at 77 K. At this temperature, the sample is 
brittle and so can be ground more efficiently as the magnet moves (at 12 cycles per second) from 
side to side. The low temperature also prevents samples and the instrument from being heated 
during this intense grinding. Samples were ground for 30 minutes with 2 minutes cooling time every 
5 minutes to ensure the sample and instrument remained cool. Particle size was then analysed by 
laser diffraction (see Section 3.2.1.6, below) to determine if a thoracic powder had been produced 
by either method for use in toxicology studies. Comparison of hand-ground and cryogenically ground 
particle size distributions is presented in Appendix 1. As cryogenic grinding was more efficient, this 
method was employed in Chapter 7. 
 
3.2 Physicochemical characterisation 
 
3.2.1 Bulk analytical techniques 
 
3.2.1.1 Electron microscopy based analysis 
 
3.2.1.1.1 Sample preparation 
 
Particulate samples were prepared for imaging by spreading particles across a polycarbonate sheet 
using an ethanol dipped cotton bud, and sticking the sheet to an aluminium stub using a carbon 
sticky pad. Samples were sputter coated with gold/palladium to a thickness of ~20 nm to prevent 
charging of the particles under the beam. 
 
Cross sections of samples were produced in thick resin blocks by Ian Chaplin (Durham University). 
Powdered samples of DE were prepared by suspending particles in resin which was allowed to set. 
Synthetic pellets were impregnated in resin and allowed to set. Both sample types were then 
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diamond polished using UltraPrep diamond discs of 20 and 10 µm. Samples were lapped on a glass 
plate using silicon carbide powder of 1200 grit. Then, samples were polished using diamond 
suspensions of 15 µm and perforated TexMet for 3 minutes, and diamond suspensions of 15, 9, 6, 3 
and 1 µm on TexMet cloth for 5 minutes each on an EcoMet 300 and AutoMet 300 (Buehler) to 
produce a smooth surface for analysis. Further polish using colloidal silica was used to prepare 
samples for electron backscatter diffraction (EBSD) analysis (below). 
 
Imaging and elemental analysis were performed on all samples using a Hitachi SU-70 field emission 
gun (FEG) scanning electron microscope (SEM) and a FEI Helios Nanolab 600 at the GJ Russell 
Facility, Durham University. Electron microprobe analyses (EMPA) were performed on a Cameca SX-
100 at Ludwig-Maxmilians-Universität München, Germany. A number of different analyses can be 
performed in conjunction with electron microscopy to give topographic information, qualitative and 
quantitative elemental composition, and crystallographic information: 
 
3.2.1.1.2 Secondary electron imaging 
 
Secondary electron (SE) imaging was used to image particles of diatomaceous earth and crystalline 
silica to give topographic and morphological data. SE imaging was also used to check sample 
preparation, to ensure areas where topography varied were not used in elemental analysis. Samples 
were analysed at a working distance of 15 mm and an accelerating voltage of 8 kV.  The maximum 
diameter and the length of the axis at 90° to this diameter of up to 2000 imaged particles were 
measured using ImageJ software to assess their particle size distribution and aspect ratios. 
 




Backscatter electron (BSE) imaging was used to image cross sections of particles and to help identify 
phases for elemental analysis. As electrons originating from the beam are reflected more by 
elements with higher atomic number, these appear brighter than low atomic number elements in 
the image produced. Samples were analysed at a working distance of 15 mm and an accelerating 
voltage of 15 kV. 
 
3.2.1.1.4 Energy dispersive X-ray spectroscopy  
 
Energy dispersive X-ray spectroscopy (EDS) can be used in conjunction with SEM as a semi-
quantitative method to measure the elemental composition of cross sectional samples. As electrons 
from the beam excite electrons in the atoms of the sample, X-rays are emitted and detected using 
an INCA x-act LN2-free analytical Silicon Drift Detector (Oxford Instruments).  The data are then 
analysed using Oxford Instruments’ INCA software.  Analysis occurs at a working distance of 15 mm 
at an accelerating voltage of 15 kV. Before each session, the instrument calibration was checked 
using a cobalt standard under the same analysis conditions. However, the lack of appropriate 
standards for each element and the lower detection limit of EDS compared to wavelength dispersive 
spectrometers (WDS) used in the electron microprobe (below) means the data are only semi-
quantitative.  
 
3.2.1.1.5 Electron microprobe analysis 
 
Electron probe micro analysis (EPMA) measurements were carried out on a Cameca SX-100 system 
equipped with a LaB6 cathode and five vertical crystal wavelength dispersive spectrometers (WDS) 
detectors by Dr. David Damby (Ludwig-Maxmilians-Universität München, Germany). Samples were 
analysed for Na, Al, Si, Mg, S, K and Fe using a focused beam. Measurements for Na, Si and Al were 
performed at an accelerating voltage of 15 keV at a current of 4 nA, and Mg, S, K and Fe at 15 keV 
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and 40 nA. Sodium was measured first to minimise the effect of sodium drift on the results. 
Instrument calibration was carried out by analysing the following reference materials of known 
compositions: Na on albite, Al on Al2O3, Si on quartz, Mg on periclase, S on anhydrite, K on 
orthoclase, Fe on Fe2O3. The crystals used for measurements were Sp1 TAP (Na, Mg), Sp2 PET (S, K), 
Sp3 LLIF (Fe), Sp4 TAP (Al), Sp5 TAP (Si). 
 
3.2.1.1.6 Electron backscatter diffraction 
 
Electron backscattered diffraction (EBSD) was performed by Leon Bowen (Durham University) using 
an Oxford Nordlys HKL detector on a focussed ion beam (FIB) SEM (FEI Helios Nanolab 600) to 
determine the crystal polymorph and crystalline structures in synthetic crystalline silica samples. 
Samples were inserted at a 70° angle and electron beam applied. Some electrons are diffracted and 
are detected by a phosphor screen, which fluoresces when excited by these electrons, producing an 
electron backscatter diffraction pattern. As electrons are diffracted according to Bragg’s Law 
(Equation 3.1), the lattice parameters can be determined. 
  
𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 
Equation 3.1 
 
where n is an integer, λ is the wavelength of incident wave, d is the spacing between the planes in 




Cathodoluminescence (CL) was also used to assess the crystallinity of selected areas of some 
synthetic samples using a Gatan MonoCL cathodoluminescence system and Digiscan II image 
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processing software (Gatan, Inc., Pleasanton, CA, USA) attached to the Hitachi SU70 FEG-SEM 
(Durham University). A voltage of 8 kV was applied to cause sample luminescence. Panchromatic 
scans, and those with a red, green or blue filter, were applied to determine the wavelength of 
sample luminescence. True colour compositions were produced from the red, green and blue filter 
greyscale scans to determine the wavelengths emitted from different areas of the sample. This can 
allow identification of minerals and grain boundaries, as luminescence is affected by both chemistry 
and crystal structure. 
 
3.2.1.2 X-ray Diffraction 
 
X-ray diffraction (XRD) was used to analyse the crystalline composition of samples and to give 
relative quantities of crystalline silica polymorphs. All samples were run on a Bruker AXS D8 
ADVANCE with DAVINCI design at Durham University. X-rays were emitted from a copper source and 
these are diffracted by atoms within the sample according to Bragg’s Law (Equation 3.1). In 
crystalline samples, where the atoms are ordered, the angle at which the X-rays are diffracted is 
always the same and can be used to determine the crystal lattice parameters. This is matched 
against library standards or theoretically calculated lattice parameters to identify different crystal 
phases in a sample.  
 
 Here, two different techniques were used. First, crystalline phases were identified using a locked 
coupled scan from 2-90° 2θ, where both the source and the detector move in unison and a rapid 
scan can be obtained. Samples were prepared by grinding by hand in an agate mortar and pestle and 
sieving through a 250 µm mesh onto a silicon slide coated with a small quantity of Vaseline. This 
process ensures random orientation of the crystals.  The patterns produced showing crystalline 





Second, ground samples were compacted into a well of an aluminium holder using the knife-edge of 
a spatula to ensure random crystal orientation (Batchelder and Cressey, 1998). A run was then 
performed using a fixed parallel beam (6° θ) and a moving detector to cover the range 18-35° 2θ. 
The intensity of the primary peak (26.6 7°2θ for quartz and 21.8 °2θ for cristobalite) was used as a 
proxy to calculate the relative amounts of crystalline silica. To account for the different diffraction 
intensities of quartz and cristobalite, the peak heights of pure-phase quartz and cristobalite 
standards, run under the same conditions, were used to normalise the relative peak heights in the 
samples. This allowed the addition of peak intensities of quartz and cristobalite to give relative total 
crystalline silica amongst samples.  
 
3.2.1.3 Infrared spectroscopy - bulk 
 
Infrared spectroscopy (IR) was used to assess the crystal lattice parameters of crystalline silica in 
synthetic samples to assess the effect of impurities on crystal structure. An IR beam is passed 
through a sample and measuring the amount and different wavelengths absorbed. This absorption 
can be converted by Fourier Transform to produce spectra for each sample. For bulk analysis, 
samples were mixed with KBr (which is transparent to IR) in a ratio of 1:40 or 1:160 and pressed into 
a pellet at 5 tons using a uniaxial press. The sample was analysed in air by Marco Fabbiani using a 
Bruker IFS88 instrument with DTGS detector (Università degli Studi di Torino, Italy) at wavenumbers 
of 400-4000 cm-1, but are presented from 400-1600 cm-1 which refers to the bulk sample. A 
resolution of 4 cm-1 and 128 scans were used to increase the signal to noise ratio.  
 




Raman spectroscopy can be used to assess to crystal structure of individual crystals. Raman spectra 
were taken with a confocal micro-Raman spectrometer by Dr. Danilo Di Genova (HORIBA XploRA 
Raman Microscope; Mineralogical State Collection, Munich). Samples were excited using the 532 nm 
laser focused with a 100x long-wide-distance objective with a laser spot diameter of 0.7 μm. The 
beam was transmitted through an optical fibre to the spectrometer using a 50 μm diameter fibre 
core as a pinhole for the confocal setup. Raman spectra were collected with a 1024 pixel CCD chip 
detector. For the measurements, a 100 % optical density filter and a 1200 T grating was used; slit 
100, hole 300. Exposure time was set to 5 seconds and data collected in a single acquisition. The 638 
nm and near-infrared 785 nm lasers were also tested, however, the 532 nm laser provided the best 
peak resolution. 
 
3.2.1.5 X-ray fluorescence  
 
X-ray fluorescence (XRF) was used to determine the bulk composition of samples and was performed 
at the Department of Geology, University of Leicester, UK using a PANalytical Axios Advanced 
PW4400 X-ray fluorescence spectrometer by Dr Nick Marsh. XRF measures the secondary X-rays 
emitted by a sample exposed to a radiation beam, due to the excitation of electrons.  These X-rays 
can be used to identify and quantify elements in a sample. Fused beads were used to avoid 
mineralogical orientation and ensure a representative sample.  
 
3.2.1.6 Laser diffraction  
 
Particle size distribution was measured using laser diffraction (Coulter LS 13320, Durham University) 
and applying the Fraunhofer theory to the results obtained. A random subsample of each powder 
was taken by inverting the container and allowing fines to settle, as previously used for volcanic ash 
particles (Horwell, 2007). The subsample was suspended in water to an obscuration of 8-12% and 
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ran in duplicate for 90 s in the laser diffractometer. A PIDS system was also applied for the analysis 
of finer fractions, allowing more accurate measurements of particles <200 nm, allowing the whole 
0.04-2000 µm range to be analysed. Laser diffraction is based on the diffraction of light from a 
particle assuming that all particles are spherical. As some samples contained particles with different 
morphologies (e.g. fibres), SEM image analysis of particle size and morphology was also performed 
on samples of interest (see above). 
 
To produce the percentage of particles that fall within certain size bins, a model must be applied to 
the raw data. Here, both Fraunhofer and Mie theories were considered (Appendix 2), however, 
Fraunhofer theory was chosen for final presentation. While Fraunhofer and Mie theory have been 
shown to be comparable for larger particles (>50 µm), the Fraunhofer theory underestimates the 
percentage of fine material compared to Mie theory. However, the Mie theory requires the input of 
a real refractive index (RI) and imaginary RI, and an accurate imaginary RI could not be found for DE.  
 
3.2.2 Surface analytical techniques 
 
3.2.2.1 Surface area analysis 
 
The specific surface area of particles can be an important determinant of their toxic potential, as a 
larger surface area has been shown to cause increased toxic potential (Duffin et al., 2002, Duffin et 
al., 2007). Measurements of nitrogen adsorption at 77 K using a Micromeritics TriStar3000 
instrument (Durham University) were used to determine the surface area of samples. Samples were 
dried in nitrogen gas at 120 °C for at least 2 h to remove water and other adsorbed species from the 
surface. The moles of nitrogen adsorbed by samples were measured with the sample in a glass BET 
tube with isothermal jacket at relative pressures (ratio of absolute pressure to saturated vapour 
pressure (P/Po)) ranging from 0.05-0.3. The Brunauer-Emmett-Teller (BET) theory was applied to the 
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collected data to determine the specific surface area of the powders. This theory allows for multi-
layering of gas molecules on the surface of particles, but contains some assumptions; that gas 
molecules will adsorb in infinite layers and that these layers do not interact with each other. This 
method allows comparisons among samples and whether their surface area is related to their 
toxicity. 
 
3.2.2.2 Infrared spectroscopy - surface 
 
IR was used to study the surface species on both synthetic and DE samples. Pellets of the materials 
were pressed at <1 tons, transferred to a gold frame and inserted into a cell with a CaF2 window.  
Samples were analysed in air, outgassed, rehydrated, and post-isotopic exchange at room 
temperature. Outgassing removes water in the air and weakly adsorbed water at the surface to 
provide information on surface silanols. Exchange with D2O allows available silanol populations at 
the surface to be identified. Samples were analysed by Marco Fabbiani in the 400-4000 cm-1 
wavenumber range using a Bruker IFS28 instrument and MCT detector (Università degli Studi di 
Torino, Italy). A resolution of 4 cm-1 and 128 scans were used to increase the signal to noise ratio.  
 
3.2.2.3 Zeta potential 
 
Zeta potential measurements can give information on the surface charge of a particle. If a particle 
suspension has a negative charge, cations in the suspension will be attracted to the surface. This 
produces a slipping plane (a plane between strongly bound ions at the surface which will move with 
the particle through the suspension and ions that will not move with the particle). The potential 
between this slipping plane and the dispersant is the zeta potential. This can be measured by 
applying an electric field across the suspension of particles and particles will move to the oppositely 
charged electrode to their surface. The velocity at which the particles move is proportional to the 
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zeta potential and therefore can be used to calculate the zeta potential of particles using the Henry 
Equation (Equation 3.2), 
 
𝑈𝐸 =  





where UE = electrophoretic mobility (velocity), z = zeta potential, ε = dielectric constant, η = viscosity 
and f(κa) = Henry’s function (which is 1.5 when measuring particles suspended in aqueous solution 
(the Smoluchowski model)). 
 
As the pH of the dispersant is known to affect the zeta potential, the zeta potential of synthetic 
samples was measured at pH of 0.5 to 8.5. First, 10 ml water was added to 6 mg sample and 
sonicated for 2 minutes. The pH was adjusted to 8.5 using NaOH and the zeta potential measured by 
Cristina Pavan using a Malvern Nanosizer, which uses a combination of laser Doppler velocimetry 
and phase analysis light scattering (PALS), with 5 repeats of each measurement (Università degli 
Studi di Torino, Italy). The pH was then decreased by adding HCl and the zeta potential measured 
every 1 pH. Each sample was run in triplicate.  
 
Zeta potential measurements were also made on particles in complete Roswell Park Memorial 
Institute (RPMI) medium (see below for detail) at a single pH to determine the zeta potential of 
particles in conditions used in the in vitro toxicology studies. Samples at 62.5 µg/ml in complete 
medium were sonicated for 20 minutes and the zeta potential measured using a Malvern Nanosizer 




3.2.2.4 Solid electron paramagnetic resonance 
 
Solid electron paramagnetic resonance (EPR) was performed by Chiara Gionco and Cristina Pavan 
used to assess the presence of silica-based surface radicals (Chapter 2) and paramagnetic metal ions 
in synthetic samples (applied in Chapter 6). This method applies a magnetic field across the sample, 
which causes unpaired electrons to align either parallel or anti-parallel to the magnetic field, 
whereby each alignment has a specific energy. The difference between the energy of each alignment 
(ΔE) is equal to the energy emitted or absorbed by an unpaired electron moving from the upper to 
the lower energy field or vice versa (hv), and is related to the g-factor (ge), Bohr magneton (µB), and 
the strength of the magnetic field (Bo) as shown in Equation 3.3. 
 
∆𝐸 = ℎ𝑣 =  𝑔𝑒µ𝐵𝐵𝑜 
Equation 3.3 
When the magnetic field strength is increased until the ΔE is equal to the microwave energy, the 
unpaired electrons can move between the two spin states. This causes a net absorption of energy 
which can be measured. 
 
Samples (75 µg) were analysed in vacuum at 77 K using a Bruker EMX spectrometer. To determine 
bulk paramagnetic centres, a large scan range was used (6000 G), to observe Fe and Al based centres 
and Si●. EPR was performed with settings: receiver gain 1x104, microwave power 10 mW, 
modulation amplitude 2 G, scan time 80 s, 3 scans.  
 
Smaller scan ranges were used at higher resolution (400 G and 200 G), to focus on the area of the 
spectra showing Si based radicals and Al and Ti paramagnetic centres. At 200 G, focussed on the 
central part of the spectrum, the microwave power was progressively decreased from 10 mW to 
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0.001 mW. At 10 mW Si● centres are partially saturated and increase in intensity upon decreasing 
the microwave power, so that at lower microwave power the Si● are more visible in the spectra.   
 
3.2.2.5 Electron paramagnetic resonance - spin trap 
 
Free radical release, important in silica toxicity (Chapter 2) can be measured by an EPR spin trap 
method. Radicals produced by the sample surface are highly reactive and, thus, short-lived. DMPO is 
used as an organic stabiliser (spin trap) forming DMPO-radical complexes allowing the radicals 
released to be measured.  Hydroxyl (HO●) and carboxyl (COO●) radicals were both considered for 
synthetic samples and HO● only for DE. HO● are produced by Fenton chemistry in hydrogen peroxide 
(Chapter 2) but can also be released by silica surface dangling bonds. COO● are formed by the 




First, 250 µl phosphate buffer solution, 125 µl DMPO and 250 µl H2O2 were added to 37.5 mg of 
sample. The suspension was continually stirred in the dark (using a plastic-coated magnet and 
stirring plate) and aliquots taken at 10, 30 and 60 minutes for analysis using a Miniscope MS100 
(Università degli Studi di Torino). The following settings were used:  receiver gain 9 x 102; microwave 
power 10 mW; microwave attenuation 10 dB; modulation amplitude 1 G; scan (sweep) time 80s; BO 
field 3344.15; sweep length 120. The average of two scans were used in each analysis and each 
sample run in duplicate. For DE, samples were filtered through a 0.25 µm filter before analysis to 






To 37.5 mg of sample, 125 µl of DMPO and 125 µl of 1.36 g sodium formate in 10 ml 0.5 M 
phosphate buffer solution were added. The samples were stirred continually in the dark and aliquots 
taken at 10, 30 and 60 minutes for analysis using a Miniscope MS100 and the same settings above. 
 
3.2.2.6 UV-Vis spectrometry  
 
Iron release from the surface of particles over time was analysed by using the Fe2+ specific chelator 
ferrozine.  Ferrozine is an organic compound which forms complexes with ferrous iron producing a 
magenta-coloured solution, which is stable over a wide pH range (Stookey, 1970). Ascorbic acid can 
be used to reduce Fe3+ to Fe2+ which can then be measured using ferrozine. The absorption of light at 
wavelength 562 nm can then be measured spectrophotometrically to determine the quantity of 
ferrous iron released from the surface of each sample. Therefore, total available iron and available 
Fe2+ can be measured, and the difference between these gives available Fe3+.  
 
Available Fe was measured by weighing 20 mg powder into 50 ml centrifuge tube and adding either 
10 ml ferrozine and 10 ml distilled water or 10 ml ferrozine and 10 ml ascorbic acid, to measure Fe2+ 
and total Fe, respectively. Samples were incubated on an orbital shaker at 37 °C. After 2 h, 1 ml of 
supernatant was removed and centrifuged at 10000 rpm for 15 minutes. The supernatant was 
transferred to a cuvette and absorbance read at 562 cm-1 by UV-Vis spectroscopy (Uvikon 
spectrophotometer, Università degli Studi di Torino). Afterwards, the supernatant was replaced into 
the centrifuge tube, which was then incubated. Measurements were made each day over 9 days to 












Analysis of the haemolytic potential of samples gives an indication of their reactivity in vitro in a 
quick and affordable way. Haemolysis relies on particle-cell membrane interactions and indicates the 
particles’ ability to rupture cell membranes via physical or chemical interaction (Pavan et al., 2013). 
Although red blood cells are not likely to be directly exposed to inhaled particles (and not in the 
lung), they act as a model cell membrane, as red blood cells do not have a nucleus or other 
organelles. Haemolysis has previously been shown to be a good indicator or crystalline silica’s 
inflammatory potential (Pavan et al., 2014) and is, therefore, employed here for initial screening of 




Particles were suspended in saline at 1 mg/ml, sonicated for 20 minutes and serially diluted to give 
final concentrations of 1000, 500, 250, 125 and 62 µg/ml. DQ12 and TiO2 controls were prepared in 
the same way.  
 
To determine if soluble components of DE were haemolytic, two highly haemolytic DE powders 
(DE_05, DE_11) were leached in saline for one hour at the top treatment concentration (1000 µg/ml) 
by shaking gently, the suspension was then centrifuged at 5000 rcf for 15 minutes and filtered 







A volume of 1 ml of sheep blood in Alsever’s solutions (Oxoid Ltd.) was centrifuged at 5000 rpm for 2 
minutes and the supernatant removed. Isolated red blood cells were washed three times with saline 
and 100 μl of cells were added to 3.6 ml saline. 
 
Haemolysis assay  
 
Particles suspensions (150 µl) were added to a 96 well plate in triplicate, alongside saline (untreated 
control), 0.5% Triton-X in saline (positive control), DQ12 (positive standard) and TiO2 (negative 
standard). Next, 75 µl of the prepared blood was added to each well, and the plate covered and 
placed on an orbital shaker for 30 minutes (synthetic samples) or 1 hour (DE). Post-exposure, the 
plate was centrifuged and the supernatant removed to a new plate. Absorbance was measured at 
540 nm (SpectraMax M5, Heriot-Watt University) and per cent haemolysis calculated from Equation 
3.4. 
 
𝐻𝑎𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 (%) = (
𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒−𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑜𝑓 𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑜𝑓 𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
) × 100    
Equation 3.4 
3.3.2 Cell culture 
 
J774 murine macrophages were chosen as the study cell type. J774 cells originate from a female 
mouse tumour and are frequently used in cell studies. They are semi-adherent and can be cultured 
easily. Cells were cultured in RPMI medium containing 10 μl/ml L-glutamine, 10 μl/ml penicillin and 
streptomycin, and 10% bovine foetal serum (complete medium). Cell cultures were maintained at 
between 3-9 x 105 cells/ml by scraping cells every 2-3 days to prevent cells overgrowing and 




Macrophages were chosen for this study as they are phagocytes and are actively involved in particles 
clearance from the lung (see Chapter 2). Therefore, macrophages represent an effective model for 
the potential toxicity of inhaled particles for a mono cell culture. Co-cultures or multi-cell cultures 
are more complex and, although more representative of the lung environment, this makes it difficult 
to determine mechanistic causes of pathogenicity.  
 
3.3.3 Cell treatment 
 
For cell treatment, cells were scraped from culture flasks and new complete medium added.  Viable 
cells were counted by adding 100 µl trypan blue to 100 µl cells, and pipetting this onto a 
haemocytometer. Non-viable cells (those with a damaged membrane) allow the trypan blue dye into 
the cell and therefore appear blue. These cells were not included in the viable cell count. The cells 
were then diluted to 5 x 105 cells/ml. 
 
To treat the cells, 100 µl cells were added to a 96 well plate and incubated at 37 °C in an atmosphere 
of 5% CO2 for 24 h to allow cells to adhere to the base of the wells. After this period, the medium 
was removed and 100 µl of particle suspensions or controls added to each well and the plate 
incubated for 24-48 h. Post-exposure, a number of assays were performed on the cells and the 
supernatant to determine cytotoxicity, and sub-lethal indicators of cell damage or distress.  
 
Particle suspensions were prepared in complete RPMI medium at concentrations of 500 µg/ml and 
sonicated for 20 minutes. The suspensions were then serially diluted to final concentrations of 500, 
250, 125, 63, 31, 16 and 8 µg/ml, and 100 µl added to each well in the 96 well plate in triplicate, 
alongside controls (complete medium (untreated control) and 0.5% Triton-X in complete medium 
(positive control)). As with haemolysis, DQ12 was used as a positive particle standard and TiO2 as a 




Leachates were also produced by preparing particle suspensions of 63 µg/ml in complete medium (in 
the absence of cells) and leaching these for 24 h at 37°C in 5% CO2. The suspensions were 
centrifuged at 5000 rcf for 10 minutes and the collected leachate used to treat the cells. The 




Post-exposure to treatments, cytotoxicity assays can be used to measure cell viability or cell damage. 
This gives an indicator of the potential for particles to cause harm, but does not provide information 
on the mechanisms of cell death. Cell viability or death can be measured in a number of ways: 
 
3.3.4.1 AlamarBlue assay 
 
The alamarBlue assay is based on the ability of metabolising cells to produce a reducing 
environment. Viable cells can reduce resazurin to resorufin (Figure 3.2), which fluoresces at 560 nm. 
As the metabolism of damaged or dead cells is much lower than viable cells, the level of 
fluorescence can be used to determine cell viability.  
 




Following exposure, the supernatant was removed from treated cells. A solution of 1 mg/ml 
alamarBlue® reagent (resazurin sodium salt; Sigma) in saline was diluted 1:10 in complete medium 
and 100 μl added to the cells. The plate was incubated for 3-4 hours and fluorescence measured at 
excitation at 560 nm and emission at 590 nm (SpectraMax M5, Heriot-Watt University). Comparison 
to an untreated control and positive controls allows the per cent viability to be calculated (Equation 
3.5). 
 
𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =  
(𝑠𝑎𝑚𝑝𝑙𝑒 𝑟𝑒𝑎𝑑𝑖𝑛𝑔 −  𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑟𝑒𝑎𝑑𝑖𝑛𝑔)




3.3.4.2 WST-1 assay 
 
Similar to the alamarBlue assay, the WST-1 assay is based on the metabolism of viable cells. Post-
treatment cells are incubated with WST-1, a tetrazolium salt that is cleaved by reactions with viable 
cells to form soluble formazan dye (red; Figure 3.3). This can be measured spectrophotometrically.  
 





Post-exposure, the supernatant was removed from the cells and 100 µl WST-1, diluted 1:10 in 
complete medium, was added to each well. Cells were incubated for 3 hours and the absorbance 
measured at 450 nm. Equation 3.5 was used to calculate per cent cell viability. 
 
3.3.4.3 Lactate dehydrogenase assay 
 
Rather than measuring the cell metabolism, the lactate dehydrogenase (LDH) assay is a measure of 
cell damage. LDH is released from damaged cells and catalyses the conversion of lactate to pyruvate 
and vice versa (Figure 3.4). During this reaction a concurrent conversion of NAD+ to NADH occurs 
(Figure 3.4). This can be measured spectroscopically using colorimetric indicators.  
 
Figure 3.4: The conversion of lactate to pyruvate mediated by LDH used to measure cell membrane damage.  
 
LDH release from macrophages was measured by adding 10 μl of cell supernatant to 50 μl 1 mg/ml 
Nicotinamide adenine dinucleotide (NADH) in 0.75 mM sodium pyruvate, incubating for 30 minutes 
at 37 °C in 5% CO2, and adding 50 μl of 2 mg/ml 2,4-dinitrophenylhydrazine in 1M HCl. This was 
incubated for 20 minutes at room temperature in the dark, before adding 50 μl 4M sodium 
hydroxide and measuring the absorbance at 550 nm (MRX Revelation Microplate Reader, Dynex 
Magellan Biosciences). Comparisons with an untreated and a positive control allow the cytotoxicity 




𝐶𝑦𝑡𝑜𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 (%) =  
(𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙)







3.3.5 Sub-lethal assays 
 
3.3.5.1 Cytokine release 
 
Cytokines are soluble proteins released by activated macrophages.  Exposure to toxins, including 
silica, leads to the release of pro-inflammatory cytokines, such as interleukin 1β (IL-1β) and tumour 
necrosis factor alpha (TNF-α) from macrophages, which are associated with silica toxicity (Chapter 2) 
and are measured in this study. Numerous other cytokines and other mediators are also released by 
macrophages, which interact causing complex feedback mechanisms. Here, IL-10, an anti-
inflammatory cytokine, was considered to provide information on the balance between pro- and 
anti-inflammatory signalling. Keratinocyte chemoattractant (KC) was also measured, as this is 
induces macrophage and neutrophil chemotaxis. 
 
Cytokine production was measured using BD™ Cytometric Bead Array cytokine flex sets (bead based 
immunoassay; BD Biosciences, Heriot-Watt University). The supernatants were removed from cells 
treated with 125 µg/ml or lower concentrations of samples and stored at -80 °C until needed. Once 
defrosted, the supernatant was centrifuged at 2500 rpm for 10 minutes and 25 µl of each sample 
treatment added to a round bottomed 96 well plate in triplicate. Standards were produced by 
adding 4 ml of assay diluent to the standard beads for each cytokine to be analysed. A serial dilution 
was performed to give final standard concentrations of 0, 10, 20, 40, 80, 156, 312.5, 625, 1250 and 
2500 pg/ml, and 25 µl of each was added to the first ten wells of the plate. Capture beads for each 
cytokine analysed were vortexed and 50 µl of each capture bead added to capture diluent to give a 
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total of 2500 µl solution. Then, 25 µl of this solution was added to each well and the plate incubated 
for 1 h at room temperature. Detection beads were prepared in the same way, diluted in detection 
bead buffer, 25 µl added to each well, and the plate incubated at room temperature for 1 h in the 
dark. After incubation, 125 µl of wash buffer was added to each well and the plate centrifuged at 
250 rcf for 5 minutes. The supernatant was then removed by quickly inverting the plate and 200 µl 
wash buffer added to each well. The plate was shaken for 1 minute and read by flow cytometry on 
BD FacsArray by Dr. Ali Kermanizadeh and Dr. David Brown (Heriot Watt University). Flow cytometry 
was used to discriminate between different bead populations based on size and fluorescence, 
according to the manufacturer’s instructions.  
 
3.3.5.1 NF-κB activation 
 
NF-κB is a protein which is a primary transcription factor involved in regulation of the immune 
response. Incorrect regulation can lead to inflammation and cancer. NF-κB can be activated by a 
number of different stimuli, including reactive oxygen species and cytokines. In unstimulated cells 
NF-κB resides in the cytoplasm but, once activated, NF-κB translocates to the nucleus of the cell, 
where it can activate particular genes. Analysis of the movement of NF-κB from the cytoplasm into 
the nucleus can be measured by the NF-κB assay. 
 
NF-κB activation was measured in treated J774 macrophages. Sterilised coverslips were placed in 
each well of a 24 well plate, and 5 X 105 cells in complete medium were added to each well and the 
plate incubated for 24 h.  Cells were treated with 250 µl particle suspensions in complete medium at 
concentrations of 125 µg/ml and incubated at 37 °C in 5% CO2 for 4 h. Cells were then fixed by 
treatment with 250 µl 3% formaldehyde in PBS for 30 minutes at 5 °C, and the cell membrane 
permeabilised by treating with 250 µl of 0.2% Triton-X in PBS for 15 minutes at room temperature. 
Permeabilisation allows the following treatments to enter into the cell. Then, cells were treated with 
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250 µl of 1 mg/ml BSA in PBS for 1 h to avoid preferential binding by other components in the 
solution. Cells were treated with 250 µl NF-κB antibody solution (Mouse anti-NFκB (p65) (Life 
Technologies) diluted 1/200 in PBS with 0.5% BSA) for 1 h, which binds to NF-κB specifically and then 
250 µl Alexafluor 488 solution (Goat anti-mouse lgG (Life Technologies) diluted 1/200 in PBS with 
0.5% BSA) for 1 h in the dark, which is a fluorescent marker that binds to the NF-κB antibody to 
allowing NF-κB to be imaged. Cells were treated with 250 µl DAPI (4',6-diamidino-2-phenylindole) 
solution (0.5 µg/ml DAPI in PBS with 0.5% BSA) for 20 seconds, which stains the cell nuclei by binding 
with DNA, and the coverslips were mounted on glass microscope slides using Mowoil. Cells were 
washed with PBS three times between each step.  
 
The treated cells were imaged using fluorescence microscopy (Zeiss Axioscope) at excitation 
wavelength 488 nm and emission wavelength 519 nm for the NF-κB stain (NF-κB image). Images of 
the same area were taken by exciting the DAPI stain with UV light and an emission filter (blue) at 416 
nm to image the stained nuclei (DAPI image). Images were analysed using the method employed by 
Noursadeghi et al. (2008) using ImageJ image analysis software.  Briefly, a copy of the NF-κB image 
was made and this and the DAPI image were transformed to binary to give areas of the whole cell 
and of the nuclei respectively. The binary DAPI image was subtracted from the binary NF-κB image to 
give the area of the cell cytoplasm. Then, the cell cytoplasm image was merged with the original NF-
κB image and a histogram of the intensity produced. Then, the original NF-κB image was merged 
with the binary DAPI image and a histogram produced. Due to difference in intensity between 
different images the ratio of the intensity in the nuclei and cytoplasm was calculated. This allowed 






3.3.6 Cell imaging 
 
For DE, cells treated with the five fine fractions were imaged by light microscopy. J774 cells (2.5 x 
105) were treated with 600 µl of 63 µg/ml DE in a 24 well plate. Cells were scraped from the plate 
and 50 µl of the cell suspension diluted in 300 µl saline and centrifuged onto a microscope slide at 
1160 rcf for 5 minutes. The treated cells were dried and stained with Diff-Quik (Fisher Scientific). 
Slides were dipped in methanol, then Eosin G in phosphate buffer and Thiazine dye in phosphate 
buffer, rinsed with H2O and air dried. For synthetic samples, light microscopy was used to take 
images of treated cells in a 96 well plate, without dying to observe particle uptake.  
 
3.4 Statistical analysis 
 
Student’s t-test and ANOVA general linear model with a Tukey’s post-hoc test were performed to 
determine the significance of differences among two data points and multiple data respectively 
(Minitab 15). Pearson’s correlation test was used to determine significant correlations amongst 
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or  flux‐calcination  (with  a  sodium  carbonate  or  sodium  chloride  fluxing  agent)  at  ~1000  °C 
(processed  samples). During  this process,  amorphous  silica, which  comprises most of  the diatom 
deposits (unprocessed DE), is converted to crystalline silica, predominantly in the form of cristobalite 
(see  Chapter  2  for  full  details).    As  inhalation  of  crystalline  silica  can  cause  disease  or  cancer, 
processed  DE  has  the  potential  to  cause  chronic  respiratory  disease  (Chapter  2).  However,  the 
variability of  crystalline  silica  toxicity  is well  known, and  can be  affected by  impurities within  the 
sample,  as  has  previously  hypothesised  for  cristobalite  in  volcanic  ash  or  quartz  in  coalmine  or 
workplace dust (Chapter 2) (Donaldson and Borm, 1998, Horwell et al., 2012, Clouter et al., 2001). 
Yet,  how  the  properties  of DE  vary with  deposit  source  and  processing  technique  has  not  been 










showed calcination  temperature  is  important, as  increasing  the  temperature  from 900  to 1200  °C 
increased crystalline silica content  from 1‐49%. There was also a  large difference  in  the crystalline 
silica content of two industrially heated samples (57 and 79% crystalline silica) from USA and France 







>88 wt.% SiO2).   Amongst  studies  it  can be  seen  that  the quantity and  type of  impurities vary by 
source, however, only one study compares the properties of DE from different  locations (although 
this is not the key aim of the study) (Elias et al., 2000). As chemical data presented are usually bulk, 









Here, a  sample‐set of DE  sourced  from  seven  locations,  including unprocessed,  calcined and  flux‐
calcined samples  is used  to address  the effect of DE source and processing on  its physicochemical 
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properties.  These  samples  are  analysed  for  the  form  of  crystalline  silica,  the  amount,  type  and 
location of  impurities, particle  size,  surface area and particle morphology, which are all known  to 
affect silica‐dust toxicity (Chapter 2). The variability of these properties is discussed in relation to the 








though  the  European  Industrial Minerals  Association  (IMA  ‐  Europe).  The  sample  set  comprised 
unprocessed, calcined and flux‐calcined samples, and included filler and filter aid grades of DE, which 
are determined by post‐calcination size classification. Samples were chosen from a range of source 
deposits,  including  those with  high Al,  Fe  or  Ca  bulk  impurities,  as  possible  indicators  of  clay  or 























Sample ID  Source Process Grade
DE_05#1  Spain U Filler
DE_112  Spain U Filler
DE_133  France U Filter aid
DE_154  France U Filter aid
DE_164  France C Filter aid
DE_18  China C Filter aid
DE_20#  Mexico C Filter aid
DE_21  USA‐1* C Filter aid
DE_22  USA‐1 C Filler
DE_23  USA‐1 C Filter aid
DE_24#  Mexico C Filter aid
DE_061  Spain FC Filler
DE_07  USA‐1 FC Filler
DE_08#  USA‐2* FC Filler
DE_09  Chile FC Filler
DE_10#  Mexico FC Filler
DE_122  Spain FC Filler
DE_143  France FC Filter aid





All methods used  for the physicochemical analysis of DE here are described  in detail  in Chapter 3. 




of  quartz  and  cristobalite,  the  peak  heights  of  pure‐phase  quartz  and  cristobalite  standards,  run 
under  the same conditions, were used  to normalise  the  relative peak heights  in  the samples. This 




X‐ray  fluorescence  spectrometer,  University  of  Leicester).  Particle  sections  were  produced  in 
polished  resin  blocks,  coated  with  25  nm  carbon,  and  imaging  and  elemental  analysis  were 
performed by scanning electron microscopy (SEM) and energy dispersive X‐ray spectroscopy (EDS) at 
15  kV  (Hitachi  SU‐70  FEG  SEM, Durham University).  The  elemental  composition  of  cristobalite  in 
individual  particles,  and  amorphous material  in  cristobalite‐containing  particles was measured  in 
samples where these particles were clearly seen. Fe release and speciation was analysed on selected 
samples  to assess  the available Fe at  the  surface of  the  sample. DE was  incubated  in  ferrozine or 
ferrozine and ascorbic acid, to measure Fe2+ and total Fe, respectively, by reading absorbance at 562 







Torino).  The  absorbance  of  IR  by  pelleted  samples  in  a  cell with  CaF2 windows was  recorded  at 





Particle  size  distributions were  analysed  by  laser  diffraction  using  a  Coulter  LS  analyser  (Durham 
University), with  polarization  intensity  differentiation  scattering  (PIDS)  to  analyse  particles  in  the 




Qualitative  analysis of dominant diatom morphology was performed on  all  samples by mounting 
particles on polycarbonate discs, which were  adhered  to  aluminium  stubs by  carbon pads. These 
were coated with 25 nm gold/palladium and imaged at 8 kV by SEM (Durham University).  
 
Surface  area  was  analysed  by  nitrogen  adsorption measurements  at  77  K  using  a  TriStar  3000 
instrument  (Durham  University).  Samples  were  dried  in  nitrogen  gas  at  120  °C  overnight.  The 
























































Sample ID  Source Process  Grade  <4 µm <10 µm Mean s.d. SiO2 TiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O
DE_05#1  Spain U  Filler  11.3 38.8 7.5 0.7 90.47  0.05 0.91 0.38 0.34 6.96 0.65 0.14
DE_112  Spain U  Filler  12.4 47.3 6.3 0.4 87.26  0.05 1.40 0.42 0.49 8.96 1.04 0.17
DE_133  France U  Filter aid 7.8 28.0 22.9 0.2 89.02  0.64 4.42 3.22 0.36 0.66 0.38 0.35
DE_154  France U  Filter aid 7.9 28.5 23.8 0.3 87.40  0.70 4.73 3.99 0.49 0.74 0.19 0.34
DE_164  France C  Filter aid 6.7 25.0 3.8 0.1 88.03  0.66 4.50 3.86 0.39 0.66 0.17 0.33
DE_18  China C  Filter aid 7.3 28.1 3.1 0.1 93.49  0.15 3.71 1.67 0.35 0.08 ‐0.04 0.50
DE_20#  Mexico C  Filter aid 6.8 25.3 4.0 0.1 92.00  0.24 5.07 1.95 0.34 0.30 ‐0.13 0.20
DE_21  USA‐1* C  Filter aid 6.2 21.7 5.7 0.2 87.83  0.32 6.57 1.81 1.02 0.54 0.51 1.02
DE_22  USA‐1 C  Filler  25.4 71.5 10.6 0.2 93.24  0.17 3.82 1.15 0.65 0.17 0.03 0.59
DE_23  USA‐1 C  Filter aid 21.8 65.5 6.8 0.2 93.88  0.15 3.03 1.05 0.69 0.30 0.21 0.47
DE_24#  Mexico C  Filter aid 12.1 45.0 5.9 0.2 93.63  0.19 3.89 1.49 0.33 0.22 0.01 0.18
DE_061  Spain FC  Filler  8.5 34.4 1.1 0.1 91.27  0.03 0.67 0.35 0.27 6.25 1.00 0.09
DE_07  USA‐1 FC  Filler  10.6 31.6 1.3 0.0 91.67  0.15 3.00 1.07 0.53 0.29 2.69 0.48
DE_08#  USA‐2* FC  Filler  9.2 28.7 1.3 0.1 93.07  0.06 1.12 1.99 0.51 0.30 2.89 0.03
DE_09  Chile FC  Filler  9.8 33.4 1.5 0.1 93.04  0.10 1.82 0.95 0.23 1.29 2.15 0.34
DE_10#  Mexico FC  Filler  8.7 35.3 1.7 0.1 93.64  0.10 2.05 0.80 0.14 0.32 2.59 0.12
DE_122  Spain FC  Filler  8.5 33.4 1.0 0.1 90.67  0.03 1.12 0.35 0.31 6.64 0.69 0.10
DE_143  France FC  Filter aid 6.4 17.0 1.1 0.1 87.36  0.58 4.10 2.61 0.40 0.62 3.17 0.39































































































































































































































































































the  samples  analysed.  The  same  elements  comprised  4.8  to  38.8  oxide wt.%  in  the  amorphous 
matrices. Analysis of diatom skeletons, which did not appear to have undergone any transformation 
and  retained  their original morphology,  showed  them  to contain <5 oxide wt.%  impurities  (Figure 
4.4). Na, Al, Ca and Fe accounted  for  the majority of  impurities  in all areas analysed, however,  in 
some  instances other  impurities, such as Ti, K, P, Mg, accounted for up to 20 oxide wt.%. The EDS 
data  are  semi‐quantitative,  and  many  of  the  cristobalite  areas  analysed  were  small  (~3  µm 
































































































samples  (DE_05,  DE_11),  with  only  traces  remaining  in  the  corresponding  flux‐calcined  samples 
(DE_06, DE_12). Calcium silicates were observed in abundance in all Spanish samples (Figure 4.7b). 
Clays were observed by SEM‐EDS (texturally, and by their high Al contents) and were most prevalent 




In  the  French, unprocessed  samples,  iron‐rich particles of up  to 70  μm were observed and  these 
were iron and titanium‐rich or iron and phosphorus‐rich particles (Figure 4.7d). These larger particles 
were  not  observed  in  the  equivalent  calcined  and  flux‐calcined  samples;  instead,  small  iron‐rich 
patches were  seen  throughout  particles  and  sometimes  in  cracks  and  pore  spaces  (Figure  4.7e). 



























































































































































































































































































c). For DE_15, there  is a  large reduction  in the  intensity of the O‐H banding signal once outgassed, 
compared to  in air. After  isotopic exchange with D2O, a further decrease  in the O‐H banding signal 












<4  μm  in  diameter  (Table  4.2),  analogous  to  the  thoracic  and  respirable  fractions,  respectively 




Particle morphology varied  substantially amongst  samples as  the dominant diatom  species varied 
with  sample  source.  Samples  from Chile, China, Mexico  and  Spain  contained predominantly disc‐
shaped diatoms, whereas  samples  from USA‐2 and France  consisted mainly of  cylindrical diatoms 
(Figure  4.11).  Samples  sourced  from USA‐1  contained  a  number  of  different  diatom  species  and 
morphologies,  including  disc‐shaped,  and  long,  thin  diatoms  (Figure  4.11c). Most  particles were 



















epidemiology studies have usually  focused on one plant  in California  (e.g. Checkoway et al., 1993, 











Treatment of DE by  calcination  is used  to optimise  the physicochemical properties  for use  in  the 
filtration and  filler  industries, during which amorphous silica crystallises  (Engh, 2000, Flörke et al., 
2000). Crystalline silica is a known carcinogen and can cause silicosis, however, it is well established 
that  crystalline  silica  toxicity  is  variable  and  that  its  variability  is  likely  dependent  on  its 
physicochemical  characteristics  (Chapter  2).  Therefore,  it  is  important  to  understand  both  the 
crystalline  silica  content  and  the  form  that  crystalline  silica  takes  in  DE.  Here,  crystalline  silica 
contents  and polymorphs  varied  substantially  amongst DE  samples  from different  locations, with 
processing  playing  a  key  role.  Flux‐calcined  samples were  the most  crystalline  silica‐rich, where 
cristobalite was the dominant crystalline silica polymorph.  In  these samples, cristobalite  formed  in 
patches throughout particles, crystallising within a matrix of amorphous material (Figure 4.2). Most 
calcined samples contained both cristobalite and quartz and there is some evidence that the quartz 
formed  during  calcination  (based  on  data  from  the  unprocessed  DE_15  and  calcined  DE_16 
samples).  This distribution of  crystalline  silica polymorphs by processing  technique has  also been 
observed  by  Ghiazza  et  al.  (2009)  and  Elias  et  al.  (2000).  The  preferential  crystallisation  of 
cristobalite  in  flux‐calcined  samples  is  likely  due  the  addition  of  the  fluxing  agent:  doping  of 





It  is  unknown why  quartz  preferentially  forms  in  some  calcined  samples, whereas  in  others  only 
cristobalite  is observed (Mexican samples DE_20 and DE_24). No  link could be made between bulk 
impurities  (measured  by  XRF)  and  the  ratio  of  quartz  to  cristobalite  in  calcined  samples.    It was 
thought that the presence of impurities in the sample could lead to the preferential crystallisation of 
cristobalite (or tridymite) over quartz in the two Mexican samples, as impurities may prevent the re‐
structural  transition  between  these  phases  and  quartz  upon  cooling  through  the  transition 
temperature  (867  °C  (Heaney  et  al., 1994)). Alternatively, different  calcination  temperatures may 
have been used at different processing sites, either  intentionally or due to different furnace set‐up 
or duration  (which  is altered  for different products). However,  this  information was not available 
from  the  industry and, even  if a  temperature <867  °C was used  (stability  field of quartz), we have 
shown  that as  low as 800  °C cristobalite preferentially  forms  in non‐doped silica, or silica  remains 
amorphous when  impurities are present  (see Chapter 6).  It has also been  shown  that  cristobalite 





Unprocessed  samples  contained  trace  quantities  of  cristobalite  and  quartz;  the  cristobalite  in 
unprocessed  samples  likely  forms by diagenesis of amorphous silica over  time, or  is possibly  from 
other  sources,  such  as  volcanic  deposits  (Flörke  et  al.,  2000).  By  BSE  imaging,  crystalline  silica 
patches appeared to be similar to those observed in processed samples, suggesting that diagenesis is 
the most  likely  source of most of  the cristobalite detected  in  the unprocessed  samples. However, 
individual crystalline  silica particles were observed, albeit  rarely,  in unprocessed  samples, or  large 
silica crystals coated with other phases (Figure 4.3). The crystal polymorph of these particles could 
not  be  determined,  however,  EDS  analysis  showed  them  to  be  pure  SiO2,  whereas  cristobalite 




be  from  volcanic  deposits  (Chapter  2).  Further  analyses,  such  as  Raman  spectroscopy,  of  these 





The  cristobalite patches  in  the  samples  analysed were  impure,  containing Al, Na, Ca  and  Fe  (e.g. 
Figure  4.2).  Aluminium  and  Fe  ions  can  substitute  for  Si  in  the  silica  tetrahedra,  but  require 
interstitial cations (e.g., Na or Ca) to charge balance the substitution (Deer et al., 2013), as has been 
discussed for volcanic cristobalite (Damby et al., 2014, Horwell et al., 2012). Semi‐quantitative EDS 
analysis  showed  that  the  amorphous matrix  surrounding  the  cristobalite patches was enriched  in 
impurities compared  to  the cristobalite  itself  (Figure 4.4).  In some cases, both  the cristobalite and 
surrounding matrix were enriched  in  impurities that were also high  in the bulk sample by XRF: the 
bulk,  cristobalite  and  amorphous matrices  in  Spanish  samples  were  enriched  in  Ca  and  French 
samples  in  Fe. However, Al was not enriched  in  the bulk of Mexican  samples  compared  to other 
locations, but was enriched  in  the  cristobalite  and  amorphous matrix  (Figure 4.5). Unfortunately, 
cristobalite purity  in samples from other  locations could not be analysed by EDS due to difficulties 
with  sample  preparation  (particles  were  often  plucked  from  the  resin  during  polishing  and  the 
porosity of the particles made it difficult to produce flat surfaces for analysis). 
 




be  long  enough  for  phase  breakdown  and  diffusion  of  these  elements  into  the  crystalline  silica 
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structure.  Although  some  impurities  were  seen  in  unaltered  diatoms,  these  were  depleted  in 
impurities compared to cristobalite (Figure 4.4) so cannot be the only source of impurities observed 
in cristobalite. Rarely, some particles with similar chemical composition to the amorphous matrices 
were observed  in the unprocessed samples. It  is possible that cristobalite formed  in these particles 
during  calcination,  and  that  impurities  would  have  become  trapped  in  the  structure  during 
crystallisation and not be able to diffuse out. The diffusion of  impurities away from the cristobalite 






small areas needed  to be  studied, diffusion profiles away  from  the  cristobalite patches would be 
needed. This was beyond the scope of this current study, where the main aim was to determine  if 





Contaminant  phases  were  observed  in  all  samples.  Spanish  deposits  contained  calcite  (DE_05, 
DE_11), determined by XRD, IR and BSE  imaging. Calcite would thermally decompose at calcination 
temperatures  (~1000°C)  (Rodriguez‐Navarro  et  al.,  2009),  allowing  Ca  and  Si  to  form  calcium 
silicates, which were  in  abundance  in  flux‐calcined  samples  from  Spain.  High  Ca  contents were 
expected as samples  from Spain have been shown to have high Ca content  (Table 2.4, Chapter 2). 
Calcium  silicates  were  also  observed  in  the  flux‐calcined  Chilean  sample  (DE_09)  and  slightly 
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elevated CaO concentrations. Unprocessed  samples  from Chile were not available  to determine  if 
calcite was present pre‐processing.  
 
Bulk  Fe  and  Al  contents  of  French  samples were  higher  than  those  seen  in  previous  studies.  Fe 
contents of 3‐4 oxide wt.% were observed compared to 1‐2 oxide wt.% previously observed, and Al 
contents of 4‐5 oxide wt.% compared to previously measured 1‐4 wt.% (Table 2.4, Chapter 2, (Elias 
et al., 2000, Ghiazza et al., 2009,  Imerys Minerals Ltd., 2012). These  impurities were  incorporated 
into clay minerals and  iron‐rich particles, which are  likely to be broken down during calcination as 
few  individual  clay mineral  particles  or  large  iron‐rich  particles were  seen  in  processed  samples 
compared to unprocessed samples from France. As with Ca in Spanish samples, this frees Fe ions to 





Bulk  Fe  contents do not necessarily  indicate  the  available  Fe  at  the  surface of particles, which  is 
important  in  free  radical  release  and  interaction with  biological material  (see Chapters  2  and  5). 
Therefore, Fe release was measured from DE samples over 8 days. French samples, with the highest 


















whereas  ferric  and  ferrous  iron  has  no  effect  on  quartz  cytotoxicity  (Cullen  et  al.,  1997)  but  Fe 
contamination can cause an  increase  in the release of hydroxyl radicals from quartz (Castranova et 
al.,  1997).  Here,  the  dominant  state  of  Fe  released  changed  over  time.  Initially,  Fe3+  was  the 
dominant Fe species released for all samples except those from Spain, which had very  low total Fe 
release. After 8 days Fe2+ was  the dominant  species  released by most  samples. This  suggests  that 
Fe2+ was less readily available initially. As Fe2+ can lead to the production of free radicals, which can 










after  outgassing  to  remove  weakly  adsorbed  water.  In  DE_15,  many  of  these  sites  are  readily 
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Physical  properties  varied  substantially  among  the  samples.  Flux‐calcined  particles  had  complex 
morphologies, and were coarser and had lower surface area than calcined and unprocessed samples, 
due  to  sintering  of  particles  into  large  agglomerates  and  the  closure  of  pore  spaces  (Ediz  et  al., 
2010). Due to the high porosity of these samples no correlation between surface area and particle 
size  could  be  made  (Figure  4.12).  It  is  likely  that  in  unprocessed  samples,  especially,  a  large 















affected by different processing  techniques. Crystalline silica  is a primary health concern, as  it  is a 
known carcinogen and can cause respiratory disease, and forms in DE during processing. Crystalline 
silica was most abundant in flux‐calcined samples, as cristobalite patches, whereas calcined DE often 
contained  both  quartz  and  cristobalite.  The  cristobalite  patches  contained  Na,  Al,  Ca  and  Fe 
impurities, but these differed by source. Spanish DE contained high Ca contents  in bulk, as calcite, 
calcium  silicates  and  in  amorphous material,  and  Spanish DE  cristobalite was  also  enriched  in Ca 
compared to other  locations. French DE contained Fe‐rich phases and cristobalite  in these samples 




release.  Calcination  reduced  the  available  Fe  due  to  the  formation  of  Fe‐rich  phases  throughout 
particles, whereas flux‐calcination reduced the available Fe further,  likely by binding of Fe  into the 
silicate melt during processing. Samples from other locations had less bulk Fe and less available Fe in 
comparison.  The  dominant  Fe  species  released  differed  among  samples  and  with  time  and  is 














these  characteristics  is  key  in  understanding  the  variability  of  the DE  hazard.    The  effect  of  the 
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Dutra,  1965,  Harber  et  al.,  1998,  Smart  and  Anderson,  1952),  increased  risk  of  lung  cancer 
(Checkoway et al., 1993, Rice et al., 2001, Seixas et al., 1997) and other  lung diseases  (Park et al., 
2002)  in DE workers, compared  to unexposed populations  in California. However,  the  few smaller 














effect of  this variability on  toxicity endpoints. This study overcomes  this  limitation by determining 
the in vitro toxicity of DE sourced from seven quarries across the world, and trying to relate this to 
the  variable  physicochemical  characteristics  of  the  material  (see  Chapter  4)  to  understand  the 
factors that control DE toxicity. Specifically, the role of crystalline silica in controlling DE toxicity and 
factors  that may  alter  its  toxic  potential,  such  as  the  presence  of  other minerals  and  structural 
substitutions  (see Chapters 2 and 4),  is  investigated. Samples chosen cover a  spectrum of deposit 
types,  purities  and  processing  techniques.  A  range  of  in  vitro  toxicological  assays  were  chosen, 
commonly used in particle toxicology and designed to highlight any causal effects of crystalline silica. 
Haemolysis allows for the assessment of particle‐induced membrane damage, while cytotoxicity and 






















here. Haemolysis  is a measure of  the ability of particles  to rupture cell membranes, and has been 




Cytotoxicity was measured  using  alamarBlue®  (a measure  of mitochondrial  enzyme  activity)  and 
lactate dehydrogenase (LDH; a measure of membrane  integrity) assays after 24 h exposure of J774 
macrophages to 100 µl of 8‐500 µg/ml DE suspensions. These assays were performed on the five fine 
fractions,  their  corresponding  bulk  samples,  two  bulk  samples  chosen  due  to  their  haemolytic 
potential (DE_11 and DE_22), as well as a further unprocessed bulk sample (DE_15).  
 
To  determine  if  soluble  components  of DE were  haemolytic,  two  highly  haemolytic DE  powders 
(DE_05, DE_11) were leached in saline for one hour at the top treatment concentration (1000 µg/ml) 
by  shaking  gently,  the  suspension was  then  centrifuged  at  5000  rcf  for  15 minutes  and  filtered 
through a 0.2 µm Nalgene  syringe  filter, and  the collected  leachates were used  in  the haemolysis 









the  fine  fractions of DE only. For samples demonstrating cytotoxicity,  the LC20 concentration, two 
times  the LC20 and half  the LC20 would generally be assessed  to  investigate cytokine production. 
However,  in  low  toxicity  samples, where  an  LC20 was  not  reached,  only  a  concentration  of  125 
µg/ml was chosen to evaluate the inflammatory response.  
 

























Student’s  t‐test and ANOVA general  linear model with a Tukey’s post‐hoc  test were performed  to 
determine  the  significance  of  differences  among  samples  in  the  in  vitro  assays  (Minitab  15). 






also states sample  information). Here, SEM  image analysis was used  to determine  if separation of 
the  fine  fraction was  successful and  to determine  the aspect  ratio of particles and  if  this differed 
among  samples. The maximum particle diameter observed  in  the  separated  fine  fractions was 51 
μm,  reduced  from  73  μm  in  the  bulk  fractions  (Table  5.1).  Additionally,  83‐99%  of  particles,  by 
number,  in  the  fine  fractions were <10  μm  in diameter, compared  to 73‐96%  in  the bulk  samples 






























                        
DE_05  26.9 18.5 1.7 0.8 96.6  99.2  17.9 15.4 
DE_20  52.0 31.5 1.9 0.8 94.1  96.5  21.2 18.8 
DE_24  47.0 17.3 1.8 0.8 96.5  99.0  17.8 16.4 
DE_08  73.0 43.7 5.0 1.5 73.2  82.7  3.3 5.7 











did  not  differ  significantly  from  their  corresponding  bulk  samples  (data  given  in  Appendix  1). 

























































































of  bulk  DE  samples  and  their  separated  fine  fractions.  Bulk  flux‐calcined  samples,  and  DE_20 
(Mexico,  calcined)  and  DE_15  (France,  unprocessed),  TiO2  and  calcite  did  not  differ  from  the 
untreated  control.  All  other  samples  exhibited  a  cytotoxic  response,  and  DE_24  (bulk  and  fine, 
Mexico,  calcined),  DE_22  (USA‐1,  calcined),  DE_11  (Spain,  unprocessed)  and  the  fine  fraction  of 
DE_05 (Spain, unprocessed) did not differ significantly from DQ12 (p>0.2). LDH release data were in 


















The  leachates were  non‐cytotoxic  in  the  alamarBlue®  assay  (Appendix  1)  and,  therefore,  soluble 
















































































KC  IL‐1β  IL_10  TNF‐α 
DE_05         
125 0.28  1.33 0.41 2213.44 
63 0.22  2.69 0.00 686.29 
31 0.21  0.20 0.00 445.73 
8 0.40  0.18 0.04 347.68 
DE_20         
125 0.88  0.47 0.00 1100.59 
63 0.22  7.54 0.64 527.63 
31 0.21  9.55 0.00 424.62 
8 1.08  7.82 3.79 352.96 
DE_24         
125 0.26  4.96 0.21 1197.32 
63 0.22  20.17 0.00 674.44 
31 0.25  40.87 0.00 363.80 
8 0.42  25.30 0.00 259.97 
DE_08         
125 0.42  2.58 0.00 579.55 
63        
31        
8        
DE_10         
125 0.75  16.56 1.90 442.05 
63        
31        
8        
DQ12         
125 0.32  2.97 0.00 869.63 
63 0.50  13.68 0.00 475.91 
31 0.43  1.49 0.00 333.53 
8        
Untreated control       

















of  DE_20‐treated  cells,  and  images  c‐d)  are  of  DE_24‐treated  cells,  as  the  best  examples  of  frustrated 







HO●  radicals were  produced  by  all  samples  tested  but  varied  in  amount,  as  determined  by  the 




detected  at 60 minutes  (Figure 5.7a). Calcined  (DE_16)  and  flux‐calcined  (DE_14)  French  samples 



















































DE  deposits  worldwide:  epidemiology  studies  have  mainly  focussed  on  DE  workers  in  a  single 
location (California) (e.g. Checkoway et al., 1993, Harber et al., 1998, Hughes et al., 1998, Park et al., 
2002,  Rice  et  al.,  2001,  Seixas  et  al.,  1997),  and  are  unable  to  distinguish  between  exposure  to 
unprocessed  or  processed  DE,  while  toxicology  studies  rarely  state  the  sample  source  and 




Unprocessed  samples  from  Spain  (DE_05  and  DE_11)  were  haemolytic  and  induced  significant 
cytotoxicity  to macrophages.  Furthermore, DE_05  induced a  large  increase  in TNF‐α  release  from 
treated macrophages relative to processed samples,  indicating the potential for unprocessed DE to 
incite  inflammation  if  inhaled.  However,  unprocessed  samples  from  France  did  not  induce  any 




treated  cells.  This  suggests  that  short‐term  exposure  to  flux‐calcined  samples may  not  result  in 
toxicity  or  an  inflammatory  response.  There  was  no  variation  in  the  reactivity  of  flux‐calcined 
samples  from different  locations, suggesting  that  flux‐calcination  is key  to dampening  the adverse 





DE_22  from USA‐1 was  the only calcined sample  that elicited a haemolytic response and was also 
one  of  the  most  cytotoxic  samples  analysed.  This  introduces  the  possibility  that  data  in 
epidemiological  studies  from  this  location may  not  be  representative  of  likely  disease  outcomes 












As  the potential  toxicity of DE has also been shown  to differ among different samples, any causal 









Until now,  the cause of pathogenicity  related  to DE exposure was assumed  to be crystalline  silica  
(e.g.  Checkoway  et  al.,  1993, Harber  et  al.,  1998)  despite  existing  in  vitro  toxicology  studies  not 
supporting that concept (Bye et al., 1984, Elias et al., 2006, Ghiazza et al., 2009, Hart and Hesterberg, 
1998).  In  this  study, we  have  shown  that  total  crystalline  silica  (quartz  plus  cristobalite)  content 












and  Hesterberg,  1998,  Wagner  et  al.,  1968).  The  lack  of  toxicity  may  be  due  to  inherent 
characteristics  of  the  crystalline  silica,  such  as  low  surface  area  of  the  particles,  or  structural 
impurities, or external factors, especially the presence of other minerals, altering the crystalline silica 







to  the  formation  of  a  vitreous  rim  during  flux‐calcination,  which  obscured  cell  exposure  to 
cristobalite in these samples. No vitreous rim, per se, was observed in this study but the cristobalite 
is  partly  occluded,  occurring  in  patches within  the  otherwise  amorphous  particles,  resulting  in  a 
variable  percentage  of  cristobalite  at  the  particle  surface  (Chapter  4).  The  low  surface  areas  of 
cristobalite‐rich,  flux‐calcined  samples  (Table 4.2, Chapter 4) means even  if cristobalite accounted 
for a  large per cent of the surface of the particles, overall exposure of cells to crystalline silica may 
be reduced compared to calcined samples with larger surface areas. This may account for the lack of 




assays  were  short  (24  hours),  and  the  amorphous matrix may  have  low  bio‐durability,  thereby 




it  is  not  likely  these  phases  physically mask  crystalline  silica  toxicity. However,  as  some  of  these 
minerals  (clays  and  calcite  especially)  were  broken  down  during  calcination,  reaction  of  ion 
impurities with  the silica surface could act  to dampen  its  toxicity.  Impurity content directly on the 
surface of the crystalline silica particles could not be measured but cation substitutions were seen in 
the cristobalite structure  (Chapter 4). As structural  impurities have been hypothesised to decrease 







was enriched  in Al  in Mexican  samples, whereas cristobalite  in French DE was enriched  in Fe and 
Spanish DE cristobalite was enriched in Ca.  
 
As  the  flux‐calcined  samples  from different  locations were all non‐reactive  in  the haemolysis and 
cytotoxicity assays, it is possible that all structural impurities (Al, Na, Fe and Ca) have the potential to 
dampen crystalline silica toxicity, and there is potential evidence of this in the literature. The effect 




effect  of  Fe  on  crystalline  silica  toxicity  is  still  poorly  constrained:  treating  quartz with  ferric  or 
ferrous  iron  does  not  change  its  toxic  potency  in  vivo  (Cullen  et  al.,  1997)  and  can  decrease  its 





limited.  The  effect of  these  impurities when  they  are  incorporated  as  structural  impurities  is not 






It  is possible  that structural  impurities play a role  in dampening crystalline silica toxicity, however, 
given  that  some  calcined  samples  elicited  cytotoxicity  (DE_22,  DE_24,  DE_20)  and  haemolysis 






Some  samples with  little  to  no  crystalline  silica were  highly  reactive,  indicating  that  some  other 




al.  (2013)  have  shown  exposure  to  calcite  alone  caused  inflammation  in mice,  indicated  by  an 
increase in Il‐1α and Il‐1β gene expression, and Diler and Ergene (2010) showed that micronuclei and 
nuclei abnormalities were more common  in calcite  factory workers than control groups. That  Il‐1β 
production was not elevated  in cells treated with DE_05 (a high calcite sample), suggests the same 
mechanisms  of  toxicity  are  not  occurring  here,  suggesting  other  components  are  causing  the 
observed toxicity. However, the use of  in vitro rather than animal studies means these studies are 
not  directly  comparable.  The  calcite  standard  was  non‐reactive  in  both  the  haemolysis  and 
alamarBlue® assays, supporting the hypothesis that calcite content alone  is not responsible for the 
different reactivity of Spanish unprocessed and  flux‐calcined DE. However, the toxicity of calcite  is 














































































































































the  removal of Fe by acid  treatment has been  shown  to decrease  the production of HO● by  silica 
(Daniel et al., 1995). However, Fe2+ or total Fe release did not correlate with HO● production here. 
Fe3+ can be reduced to Fe2+ in the presence of H2O2, and only trace quantities of Fe2+ are needed for 
Fenton  chemistry,  as  this  reaction  is  catalytic.  Therefore,  it  is  not  surprising  that  the  quantity  of 
available Fe2+ or total Fe is not directly correlated with HO● production. 
 
Amorphous  silica  is  generally perceived  as  less  toxic  than  crystalline  silica  (Donaldson  and Borm, 






material.  It  is possible  that  the amorphous phases of  these samples are  linked  to  their  toxicity, as 
certain vitreous  silicas have been  shown  to be more haemolytic  than quartz  (Pavan et al., 2013). 












































































Pandurangi et al., 1990, Pavan et al., 2013), and conversion of  silanols  to  siloxanes upon heating, 
causing an  increasingly hydrophobic surface  (Fubini et al., 1995), has been shown  to decrease  the 
cytotoxicity of cristobalite (Fubini et al., 1999). Although surface features were difficult to identify by 
IR,  the  ability  of  H‐bonded  or  interacting  silanols  to  exchange  with  D2O  indicated  that  DE_11 
(Spanish,  unprocessed  DE)  and  DE_24  (Mexican,  calcined  DE)  had  unreactive  surfaces,  whereas 
DE_15 (French, unprocessed DE) had exchangeable sites on its surface, indicative of surface silanols 
free to react with cell membranes or other molecules (Chapter 4). This, however, is in disagreement 
with  haemolysis,  cytotoxicity  and HO●  generation  data: DE_15 was  unreactive  in  all  aspects  and 
DE_11  was  the  most  haemolytic  and  cytotoxic  sample.  It  has  recently  been  shown  that  the 
distribution of associated and dissociated silanols on  the silica surface  is  important  in determining 





cytotoxicity  of  the  samples.  DE_10,  a  flux‐calcined  Mexican  sample,  caused  the  greatest  HO● 
generation  of  samples  tested,  but  was  non‐haemolytic  and  non‐cytotoxic.  Other  flux‐calcined 
samples  (DE_12,  DE_14),  which  were  non‐reactive  in  vitro,  also  generated  HO●.  This  lack  of 




Elias  et  al.  (2006)  have  shown  the  ability  of  unprocessed  DE  to  produce  HO●.  HO●  generation 
increases dramatically upon heating of the sample to 900 or 1200 °C. This suggests a transformation 
of  surface  sites on  the amorphous DE  to active  sites upon  crystallisation,  increasing  the ability  to 




did  not  increase  HO●  production  from  Spanish  samples  (Figure  5.6).  A  correlation  between  HO● 
production and  the morphological  transforming potency  (a possible  indicator of  tumorigenicity) of 
silica  dusts  (including  one DE  sample)  has  been  reported  (Elias  et  al.,  2006,  Fubini  et  al.,  2001). 
However,  the  ability of DE  to  induce  transformation  in  cells  and  its  genotoxic potency  should be 











(Figure  5.12b),  indicative  that  surface  area  could  play  a  role  in  particle  reactivity/toxicity.  The 
correlation between  surface area and haemolysis  could not be extended  to unprocessed  samples 











account  for  their  low  surface  area  (Table  4.1)  and,  accordingly,  their  low  reactivity.  The  variable 
particle size distributions of unprocessed and calcined DE could not be correlated to their haemolytic 













Fibres  can  cause  frustrated  phagocytosis,  where  macrophages  struggle  to  fully  engulf  particles 
(Schinwald  and  Donaldson,  2012).  Fibre‐like  particles,  up  to  21%,  in  calcined  and  unprocessed 
samples  (Table  5.1),  were mainly  in  the  form  of  diatom  ‘rinds’  or  small  fragments  of  diatoms 
(Chapter 4). The lower abundance in flux‐calcined samples is likely due to sintering of fragments into 
large  agglomerates  and  may  explain  their  low  cytotoxicity  compared  to  the  calcined  and 
unprocessed samples. Previously, DE containing fibre‐like particles (aspect ratio >3) was shown to be 






not  phagocytosed.  This  was most  evident  for  calcined  and  unprocessed  samples,  where  TNF‐α 




toxicity, as platelets have been  recently  identified as a novel  respiratory hazard  (Schinwald et al., 
2012),  and  DE  particles with  at  least  one  diameter  >7.5  μm  have  previously  been  suggested  to 
determine DE  toxicity  (Hart and Hesterberg, 1998). The number of  fibres was  less able  to explain 






This  study,  the  first  to  systematically  characterise  the  physicochemical  properties  and  potential 
toxicity of a  range of globally  sourced DE  samples,  shows  that  the  toxic potential of DE varies by 
processing  technique  and  source.  Flux‐calcined  samples were  non  haemolytic  and  non‐cytotoxic, 
whereas unprocessed and calcined DE had variable reactivity  in these assays. However, all samples 
had the ability to produce HO●, where flux‐calcined samples were highly reactive. As HO● generation 







at  the  particle  surface,  due  to  its  crystallisation  within  an  amorphous matrix,  its  presence  in  a 
heterogeneous dust, and impurities within the crystalline silica, likely reduce the potential reactivity 




may  be  important  in  the  toxicity  of  some  unprocessed  samples,  and  amorphous  phases may  be 
involved  in calcined DE  toxicity. Surface area, especially, was positively correlated  to calcined and 
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with  interstitial cations  to balance  the charge  (e.g. Na, Li, Ca)  (see Chapter 2,  (Deer et al., 2013)). 
These substitutions are more common  in cristobalite and  tridymite  than quartz, as  their structure 
allows more ready substitution of  impurities than denser quartz (Shackelford and Doremus, 2008). 
Structural  substitutions  in  cristobalite  have  been  hypothesised  to  decrease  the  toxic  potential  of 
diatomaceous earth and volcanic ash (Chapters 4 and 5, Damby, 2012, Horwell et al., 2012, Nattrass 
et  al.,  2015).  However,  confounding  factors,  such  as  the  presence  of  other  minerals  in  these 




incremental  amounts  of  impurities within  the  structure, with  a  focus  on  cristobalite  generation, 
thereby eliminating the confounding factors found in natural dusts. These samples are to be used in 
in  vitro  toxicology  studies  to  understand  the  role  that  impurities  play  in  crystalline  silica  toxicity 










effect  on  crystalline  silica  structure  (Chapter  2).  The  displacive  transition  between  the  low 




is  stabilised  at  room  temperature  (named  chemically  stabilised  cristobalite  (CSC))  (Chao  and  Lu, 
2002b, Perrotta et al., 1989, Saltzberg et al., 1992). At  lower dopant  levels of Al and Na  (e.g., <15 
wt.% Al2O3 + Na2O), the co‐existence of α‐ and β‐cristobalite can occur, although α‐cristobalite is the 
dominant phase (Chao and Lu, 2002b, Perrotta et al., 1989). β‐cristobalite can also be converted to 
α‐cristobalite during grinding due  to  stress‐induced  transformation  (Chao and  Lu, 2002b). Dopant 
concentrations  <8 wt.%  (Chao  and  Lu,  2002b) or  <12wt.%  (Perrotta  et  al.,  1989,  Saltzberg  et  al., 
1992)  led  to  the  formation of  α‐cristobalite only,  and  β‐cristobalite was not  stabilised. Where  α‐
cristobalite  formed,  a  shift  in  the  (101)  α‐cristobalite  XRD  peak  was  observed,  indicating  a 
proportional  increase  in d‐spacing  (i.e.  increased dimensions of  the  crystal  lattice) with  increased 




These  dopant  studies  aim  to  stabilise  β‐cristobalite  or  CSC  at  ambient  conditions,  as  they  have 





(Horwell et al., 2012)), although up  to 13 oxide wt.% Al+Na was observed  in DE cristobalite  (semi‐




Although  the key aim of  this study was  to produce and  fully characterise samples  for  toxicological 
assays  (Chapter  7),  testing  of  the  silica  sol/gel‐dopant  method  at  different  temperature  and 



















































































































































Table  6.2:  A  list  of  samples  produced  including  treatment  temperature,  time,  dopant  concentrations,  and 

















IR Raman CL EBSD  EMPA  EDS 
maps 
800_12  0.0 0.0  800  12 X    
900_12  0.0 0.0  900  12 X    
1000_12  0.0 0.0  1000 12 X    
1100_12  0.0 0.0  1100 12 X    
1500_12  0.0 0.0  1500 12 X    
1600_12  0.0 0.0  1600 12 X X X X X  X  X
1600_8  0.0 0.0  1600 8 X    
1600_4  0.0 0.0  1600 4 X X X   X 
           
2Al+Na_800_12  1.0 0.6  800  12 X    
2Al+Na_900_12  1.0 0.6  900  12 X    
2Al+Na_1000_12  1.0 0.6  1000 12 X    
2Al+Na_1100_12  1.0 0.6  1100 12 X   X 
           
3Al+Na_800_12  2.0 1.2  800  12 X    
3Al+Na_900_12  2.0 1.2  900  12 X    
3Al+Na_1000_12  2.0 1.2  1000 12 X    
3Al+Na_1100_12  2.0 1.2  1100 12 X   X 
           
5Al+Na_800_12  3.0 1.8  800  12 X    
5Al+Na_900_12  3.0 1.8  900  12 X    
5Al+Na_1000_12  3.0 1.8  1000 12 X    
5Al+Na_1100_12  3.0 1.8  1100 12 X   X 
           
1100_24  0.0 0.0  1100 24 X X X X   X 
2Al+Na_1100_24  1.0 0.6  1100 24 X X X X   X  X
3Al+Na_1100_24  2.0 1.2  1100 24 X X X X   X  X
5Al+Na_1100_24  3.0 1.8  1100 24 X X X X X   X  X
3Al_1100_24  3.0 0.0  1100 24 X X X    
           
1100_48  0.0 0.0  1100 48 X    
2Al+Na_1100_48  1.0 0.6  1100 48 X    
3Al+Na_1100_48  2.0 1.2  1100 48 X    






Mineralogy  and  crystal  structure,  and  how  these  changed  with  the  addition  of  dopants,  were 
assessed using a number of techniques. Bulk mineralogy was assessed by XRD using a Bruker AXS D8 
ADVANCE  with  DAVINCI  design  at  Durham  University.  Initially,  identification  of  phases  was 
performed using a locked‐coupled scan from 2‐90° 2θ (see Chapter 3) and, on select samples (those 
used for toxicology, see Chapter 7), an 8 h long scan time was used to increase the resolution and to 
highlight  trace  phases.  A  scan  using  a  fixed  parallel  beam,  using  a  Goebel mirror,  and moving 





Further  analysis  of  the  bulk  crystal  structure was  performed  by  IR  spectroscopy  (Università  degli 
Studi di Torino). Samples were mixed with KBr and pressed into pellets. IR adsorption was measured 
from  400‐1600  cm‐1 on  a Bruker  IFS88  instrument with DTGS  detector. Raman  spectroscopy was 
used  to  assess  the  crystal  structure of 10  individual  sites  in  each  sample using  a  confocal micro‐
Raman  spectrometer  (HORIBA XploRA Raman Microscope; Mineralogical State Collection, Munich) 
with an excitation wavelength of 532 nm. Cathodoluminescence  (CL) was also used  to assess  the 
crystallinity of selected areas of each sample (Durham University). A voltage of 8 kV was applied to 
cause  sample  luminescence. Panchromatic  scans, and  those with a  red, green or blue  filter, were 








Elemental  composition  of  cristobalite  was  determined  by  EMPA  using  a  Cameca  SX100  (Ludwig 
Maximilian University of Munich). A voltage of 15 keV and current of 4 nA was applied to measure 
Na, Al and Si concentrations, and 15 keV and 40 nA was used for analysis of Mg, S, K and Fe (data in 
Appendix  2).  A  single  elemental map  was  produced  using  EMPA  using  15  keV  and  40  nA,  and 
analysing  for Si, Al, Na, S  (present  in section  resin), Fe. Elemental maps were also produced using 













samples  remained  amorphous  at  the  800  °C  treatment.  As  the  treatment  temperature  was 
increased, non‐doped samples crystallised  to a mixture of cristobalite and  tridymite, preferentially 
































                              
1600_4  5  0.67  ±  0.04 0.87  ±  0.08 21.96  ±  0.04  0.84  ±  0.10 
1600_8  2  0.67  ±  0.03 0.95  ±  0.06 22.00  ±  0.01  0.90  ±  0.14 
1600_12  2  0.68  ±  0.02 0.92  ±  0.04 21.95  ±  0.02  0.85  ±  0.06 
800_12  2  0.93  ±  0.06 0.39  ±  0.02 21.81  ±  0.02  0.29  ±  0.00 
                              
2Al+Na_800_12  1  ‐    ‐  0.00    ‐  ‐    ‐  0.00    ‐ 
3Al+Na_800_12  1  ‐    ‐  0.00    ‐  ‐    ‐  0.00    ‐ 
5Al+Na_800_12  1  ‐    ‐  0.00    ‐  ‐    ‐  0.00    ‐ 
                           
2Al+Na_900_12  2  0.82  ±  0.02 0.31  ±  0.04 21.86  ±  0.02  0.27  ±  0.01 
3Al+Na_900_12  1  0.58    ‐  0.01    ‐  21.70    ‐  0.05    ‐ 
5Al+Na_900_12  2  0.68  ±  0.13 0.01  ±  0.00 21.69  ±  0.00  0.04  ±  0.01 
                              
2Al+Na_1000_12  2  0.71  ±  0.05 0.71  ±  0.07 21.90  ±  0.06  0.64  ±  0.02 
3Al+Na_1000_12  2  0.86  ±  0.06 0.17  ±  0.04 21.87  ±  0.02  0.15  ±  0.02 
5Al+Na_1000_12  2  0.91  ±  0.05 0.02  ±  0.01 21.78  ±  0.03  0.05  ±  0.01 
                              
2Al+Na_1100_12  2  0.66  ±  0.05 0.86  ±  0.13 21.92  ±  0.05  0.82  ±  0.06 
3Al+Na_1100_12  2  0.85  ±  0.07 0.50  ±  0.36 21.90  ±  0.03  0.39  ±  0.27 
5Al+Na_1100_12  2  0.99  ±  0.02 0.20  ±  0.05 21.80  ±  0.09  0.16  ±  0.03 
                              
2Al+Na_1100_24  5  0.67  ±  0.04 0.88  ±  0.09 21.94  ±  0.03  0.81  ±  0.07 
3Al+Na_1100_24  2  0.82  ±  0.05 0.64  ±  0.09 21.89  ±  0.04  0.48  ±  0.10 
5Al+Na_1100_24  2  0.87  ±  0.11 0.63  ±  0.19 21.79  ±  0.03  0.47  ±  0.17 
3Al_1100_24  2  0.70  ±  0.05 0.59  ±  0.03 21.87  ±  0.05  0.52  ±  0.01 
                              
2Al+Na_1100_48  2  0.63  ±  0.02 0.76  ±  0.01 21.97  ±  0.05  0.76  ±  0.04 
3Al+Na_1100_48  2  0.73  ±  0.00 0.65  ±  0.02 21.86  ±  0.02  0.56  ±  0.01 
5Al+Na_1100_48  2  0.77  ±  0.00 0.69  ±  0.04 21.80  ±  0.01  0.57  ±  0.02 









The peak area of  the cristobalite  (101) peak  increased and FWHM decreased when  samples were 
heated at 1100 °C for 24 h compared to those heated for 12 h (Figure 6.4). Heating for 48 h did not 
substantially increase peak area (indicative of crystal abundance) compared to 24 h (Table 6.3) and, 
therefore,  samples  heated  at  1100  °C  for  24  h  were  chosen  for  further  analysis  (below)  and 
toxicological experiments (Chapter 7). Increasing the heating duration from 12 to 24 to 48 h at 1100 






Figure  6.4:  XRD  patterns  of  doped  cristobalite  samples  treated  at  1100  °C  for  24  h,  showing  the  primary 




Raman spectra  to a cristobalite standard  (Figure 6.6) and previous studies  (Table 6.5) shows good 
agreement with  the peak positions  for cristobalite. Tridymite  in  the non‐doped  sample  (1100_24) 
was distinguished from cristobalite by small peaks between 621 and 792 cm‐1 and the peak at 567 
cm‐1  in  the  IR spectrum  (Figure 6.5)  (Hofmeister et al., 1992). Raman spectroscopy also confirmed 
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1972,  Cherukuri  et  al.,  1985,  Etchepare  et  al.,  1978,  Kingma  and  Hemley,  1994,  Richet  and Mysen,  1999, 
Swainson et al., 2003) and the current study. Values in cm‐1. Shading = frequency range covered in this study. 
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Sample  N  Na2O  s.d.  Al2O3 s.d.  SiO2  s.d. 
             
1600_4  27  0.08  0.07  0.04 0.03  99.58  0.42 
1600_12  39  0.05  0.06  0.03 0.02  99.94  0.41 
1100_24  22  0.18  0.19  0.06 0.03  99.32  0.32 
 
2Al+Na_1100_24  32  0.51  0.23  0.68 0.30  98.40  0.66 
3Al+Na_1100_24  71  0.79  0.39  1.36 0.74  97.63  1.13 
5Al+Na_1100_24  31  1.39  0.58  2.52 1.22  95.87  1.95 
 
2Al+Na_1100_12  31  0.31  0.32  0.06 0.03  99.25  0.59 
3Al+Na_1100_12  32  0.80  0.63  1.27 1.09  97.49  1.76 
5Al+Na_1100_12 
 










The mid‐IR  spectra  (Figure  6.5)  show  the  bulk  crystal  structure  of  tridymite  (1100_24)  and  non‐




















To determine  if any other minor phases were present  in  the  samples  treated at 1100  °C  for 24 h 
(those selected for toxicological assays), long scan times were used to produce high resolution XRD 
























































































































































Figure  6.15:  Long  scan  time  XRD  patterns  from  18‐26°  2θ  for  doped  samples  treated  at  1100  °C  for  24  h 







Here,  co‐doping  silica  sol  with  Al+Na  or  doping  with  Al‐only  before  crystallisation  was  used  to 
produce  chemically  modified  crystalline  silica.  Characterisation  of  the  samples  showed  that 
impurities  were  successfully  incorporated  into  the  crystalline  structure  (see  Section  6.4.2.2), 
although some Al and Na rich phases, including albite (a Na‐rich feldspar), were also produced as a 
result of high doping (Section 6.4.3). Non‐doped cristobalite was also produced by treatment at 800 




2012, Horwell et al., 2012, Nattrass et al., 2015). Therefore,  it  is  important to fully characterise the 









FWHM  respectively), whereas  treatment  at 1600  °C produced  cristobalite  in high  abundance  and 
with high degree of crystallinity. The high temperature treatment falls within the cristobalite stability 
field and,  therefore, a well‐ordered  structure  is expected, and heating  silica glass or  silicic acid  to 
>1450  °C  has  been  used  previously  to  produce  highly  ordered  cristobalite  (Shinohara,  1990, 









their  study,  silica  sol was doped with >5 oxide wt.% Al+Na with an aim  to  stabilise  β‐cristobalite. 
Here, dopant concentrations of 0, 2, 3 and 5 oxide wt.% Al+Na were considered, as these cover the 
range  of  impurities  found  in  volcanic  cristobalite,  and,  as  α‐cristobalite  is  the  usual  form  of 
cristobalite in natural samples (Damby et al., 2014), it was not the aim to stabilise β‐cristobalite. Al‐





Increasing  the  treatment  temperature  increased  the  crystal  abundance  and  crystallinity  of 
cristobalite produced,  indicated by an  increase  in peak area and a decrease  in FWHM respectively 
(Figure 6.2, Table 6.3). Therefore, samples produced at 1100 °C (the highest temperature used  for 
doped  samples)  were  used  for  further  analysis.  The  effect  of  temperature  and  dopants  on 
cristobalite formation is discussed in detail in Section 6.4.4 below. 
 
Samples were  treated  for 12, 24 or 48 h  at 1100  °C. At  all  treatment  times,  cristobalite was  the 
crystalline silica polymorph formed in doped samples, whereas tridymite was the dominant phase in 




increase  in  crystal  abundance  and  crystallinity  in  doped  samples.  Heating  for  48  h  did  not 
substantially  increase  crystal  abundance  compared  to  24  h.  Therefore,  samples  become  fully 











EMPA  of  cristobalite  showed  an  increase  in  impurities with  increased  dopant  concentrations  for 
samples treated at 1100 °C for 12 or 24 h. Averages of 2.5 and 1.4 wt.% Al2O3 and Na2O, respectively, 
were observed  in cristobalite  in  the most doped  sample heated  for 24 h  (5Al+Na_1100_24; Table 
6.6).  As,  cristobalite  has  an  open  structure  allowing  easy  addition  of  these  dopants  into  the 
structure,  the  concentrations  seen here are not  surprising. This observation  is  supported by XRD, 
where  a  shift  in  the primary  cristobalite peak  to  lower 2θ  values  as dopant  concentrations were 
increased was observed (Figures 6.2d and 6.4; Table 6.3). This has been shown previously in doped 
cristobalite and  is  indicative of  larger d‐spacing  in the crystal  lattice caused by Al substitution of Si 
and  interstitial  Na  (Chao  and  Lu,  2002b),  indicating  successful  uptake  of  Al  and  Na  into  the 
cristobalite structure here. 
 
Peak  position  was  not  shifted  to  lower  2θ  values  (an  indicator  of  impurity  substitutions)  with 









As  samples  treated  at  1100  °C  for  24  h  produced  cristobalite  with  high  crystal  abundance  and 
impurities  incorporated  into  the  crystal  structure,  these were  chosen  for  further  analysis.  IR  and 
Raman  spectroscopy  of  these  samples  also  showed  a  change  in  crystal  structure  with  doping, 
indicating Al and Na incorporation into the crystal structure. The bands at ~620 cm‐1 and ~796 cm‐1 in 




temperature  (Swainson et al., 2003),  indicating  lattice expansion caused by the  incorporation of Al 
and Na into the structure, and is in agreement with the increased d‐spacing observed by XRD.   
 





these  bands  are  converted  to  Raman  inactive modes  (are  not  produced  in  the  Raman  spectra) 
(Bates,  1972).  Therefore,  the  Raman  spectra  of  doped  samples  here  show  that  α‐cristobalite  is 
present,  however,  its  structure  is  similar  to  the  cristobalite  structure  near  the  transition 







samples,  as  areas  of  α‐cristobalite  (showing  the  characteristic  cracking)  showed  intense  blue 
luminescence  in  doped  samples  (bright  blue  in  Figures  6.10‐6.12f)  compared  to  non‐doped 
cristobalite (Figure 6.9f). The blue  luminescence of cristobalite has been related to the presence of 
[AlO4/M+]0 defects  in  its  structure, where M  is an  interstitial  cation  such as Na+, which  can easily 
diffuse through the sample upon exposure to the electron beam  (Kayama et al., 2009). Therefore, 
the  initial  intensity of  the blue emissions would  increase with  increased Al  content, a  correlation 
which has previously been shown in quartz (Perny et al., 1992).  
 
In Al‐only doped samples, a shift  in the primary cristobalite peak to  lower 2θ values also  indicates 
that Al was  incorporated  into the structure  in this sample. The peak position was similar to sample 
doped with 3 oxide wt.% Al+Na, suggesting a similar level of substitution (average of 2 wt.% Al+Na; 
Table  6.6). Decreases  in  peak  intensity,  increased  FWHM  and  shifted  positions  of  IR  bands were 




starting material  (Table  6.1)  allows  incorporation  of  Al  into  the  structure  in  the  Al‐only  doped 
sample.  However,  in  this  Al‐only  doped  sample,  Na  content  may  be  a  limiting  factor  for  Al 
substitution,  as  when  additional  Na  is  provided  with  the  same  concentration  of  Al  doping 







Above,  it  is  shown  that  α‐cristobalite  has  been  produced  with  impurities  incorporated  into  its 
structure causing expansion of the crystal lattice. However, on average, the concentration of Al and 










and  red  light, which has previously been  shown  in albite  (Dalby et al., 2010, Kayama et al., 2011, 






selected  for Raman spectroscopy analysis to determine  their crystal structure. However,  it  is  likely 



















































































































β‐cristobalite.  The  reduction  in  peak  intensities  and  peak  broadening  in  both  the  IR  and  Raman 
spectra for doped samples compared to non‐doped cristobalite (1600_4 or 1600_12) could indicate 
a change in the α‐cristobalite structure (as discussed above), or could indicate the co‐existence of α‐ 











has  been  stabilised  here  even  though  there may  be  localised  high  concentrations  of  impurities 







band at ~480  cm‐1  in doped  compared  to non‐doped  cristobalite  is  similar  to  the  transition  to  β‐
cristobalite, as two bands at 480 and 495 cm‐1, representing E and A2 modes respectively, convert to 
only one IR‐active band at 500 cm‐1 in the β‐cristobalite structure (Swainson et al., 2003). However, 





During  the production of  the  impure cristobalite and  tridymite samples explained above and used 
for toxicological study (Chapter 7), different treatment temperatures were used allowing the effect 








tridymite would  form  at  these  temperatures,  as  they  fall within  the  tridymite  stability  field  (867‐
1470 °C (Heaney et al., 1994)) and may not have been able to undergo the reconstructive transition 
to quartz upon cooling, as the conversion rate  is slow at these temperatures (Roy and Roy, 1964). 
The  formation  of  cristobalite  at  1600  °C  can  be  explained  in  the  same way,  as  the  cristobalite 





It  is  known  that  cristobalite  can  form  at  metastable  temperatures  from  volcanic  samples  and 
















Increasing  the  temperature  increased  the  crystal  abundance  and  degree  of  crystallinity  of 
cristobalite  (estimated by peak area and FWHM  respectively), as  shown by  comparing non‐doped 













The  crystallisation  temperature of  cristobalite varied depending on  the amount of dopant added.   
As  the  amount  of  dopants  increased,  the  crystallisation‐onset  temperature  also  increased 
(measureable quantities of cristobalite were produced at 900, 1000 and 1100 °C for samples doped 
with  2,  3,  and  5  oxide wt.%  Al+Na  respectively  (Figure  6.2)).  It  has  been  hypothesised  that  the 
presence  of  structural  substitutions  facilitates  the metastable  formation  of  cristobalite  in  natural 
samples of volcanic dome  lava (Damby et al., 2014), and the addition of a Na‐based flux during DE 
calcination, promotes  the  formation of cristobalite at ~1000  °C  (Chapters 2 and 4). Other authors 
have also shown that doping synthetic samples allows cristobalite formation as low as 800 °C (Chao 
and  Lu, 2000, Venezia  et  al., 2001). However,  the  results here  suggest  that  increasing Al  and Na 
impurities can actually prevent  the  formation of cristobalite at  low  temperatures.  In Chao and Lu 
(2000),  although  the  initial  onset  of  cristobalite  crystallisation  occurred  at  progressively  lower 
temperatures  as  the  concentration  of  Na  dopants  was  increased,  the  abundance  of  cristobalite 
plateaued at slightly  lower concentrations  in the more heavily doped samples than the  less doped 
samples. Doping with Al‐only has also previously been shown to decrease crystal abundance (Chao 
and Lu, 2002a). However, co‐doping with Al and Na did not lead to a decrease in crystal abundance 
at  higher  dopant  concentrations  and  no  explanation  is  given  as  to  why  Al‐  or  Na‐only  doping 
decreased  crystal abundance  (Chao and  Lu, 2002a). A  comparison of  the  synthetic  sample doped 
with  Al‐only  (3Al_1100_24)  and  Al+Na  (5Al+Na_1100_24)  treated  under  the  same  conditions, 
showed  no  increase  in  cristobalite  abundance  when  Na  was  added  (Table  6.3).  Therefore,  it  is 





Cristobalite  still  formed  at metastable  conditions  (<1100  °C),  and  is  formed  preferentially  over 
tridymite  throughout  the  tridymite  stability  field, when  samples were  doped.  It  is  possible  that 




supressed  the  cristobalite‐tridymite  transition  temperature  so  that  cristobalite  remains  stable  at 
room  temperature.  However,  substitutions  of  impurities  into  the  tridymite  structure  are  also 









amounts  of  structural  substitutions;  their  inclusion  dramatically  altered  the  crystal  structure  and 
chemistry. Substitutions of Al and Na  (up  to 9 oxide wt.% Al+Na)  into  the  α‐cristobalite  structure 
caused crystal  lattice expansion. The α‐cristobalite structure was also expanded by doping with Al‐











temperature and addition of dopants. Only cristobalite  formed at  low  (800  °C) and high  (1600  °C) 
temperatures  in non‐doped  samples, whereas  tridymite was  formed  in  its  stability  field  (samples 
treated at 900‐1100 °C). Doping increased the temperature needed to crystallise cristobalite but led 






Na have been hypothesised  to dampen cristobalite  toxicity  in DE and volcanic ash  (Horwell et al., 
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as  granite or  coal mining  (Donaldson  and Borm, 1998). Cristobalite  is  less well  studied, however, 
epidemiology studies of workers  in  the diatomaceous earth  industry have shown  the potential  for 
these  cristobalite‐rich dusts  to  cause  respiratory disease,  lung  and other  cancers  (see Chapter  2; 
Checkoway et al., 1993, Park et al., 2002, Rice et al., 2001). In vitro studies of cristobalite have also 






‘a  variable  entity’  (Donaldson  and  Borm,  1998,  Chapter  2),  with  reviews  of  quartz  toxicity 
highlighting  the  variability  of  its  fibrogenic, mutagenic  and  carcinogenic  potency  (Donaldson  and 






has also been  shown  to have  low  toxicity  in vitro  (Damby, 2012). The cause of  this variability has 
been  attributed  to  a  number  of  factors,  both  inherent  characteristics  of  the  silica  particles  and 
external factors which can alter their surface reactivity (IARC, 1997). The crystalline silica polymorph 








surface.  Treatment  of  a  quartz  surface with  Al  lactate  or  PVNO  has  been  shown  to  dampen  its 
cytotoxicity, haemolytic potential or ability to damage DNA (Duffin et al., 2001, Knaapen et al., 2002, 
Stone et al., 2004, Nolan et al., 1981). Treatment with Fe has  led  to  inconclusive  results,  in  some 
cases causing an increase in reactivity, in others no change and in some cases a reduction in toxicity 
(Cullen et al., 1997, Fubini et al., 1995).  In mixed dusts containing crystalline silica, the presence of 
other mineral  and  amorphous  phases  are  thought  to  occlude  the  surface  (Donaldson  and  Borm, 











these  structural  impurities  in controlling  the  toxicity of  these dusts has not yet been determined. 
The aim of this study, therefore, is to address this important question through testing of the in vitro 
reactivity of synthetic cristobalite, with structural  impurities  introduced by systematic doping with 
incremental amounts of either Al and Na, or Al‐only  impurities  (samples developed  in Chapter 6). 
This  enables  the  role  of  structural  impurities  in  silica  toxicity  to  be  examined,  and  surface 
characterisation of  these particles allows an  insight  into how  impurities may alter crystalline silica 
toxicity.  The  aim  of  this  chapter  is  to  consider  the  effect  of  structural  impurities  on  cristobalite 
toxicity, however, the fact that some of the samples produced also contained other minerals (e.g., 





The method used  to produce  the crystalline silica samples  for  this study  is described  in Chapter 6 





Twelve  samples were  chosen  for  the  investigation  of  their  in  vitro  toxicity  (Table  7.1).  Five  non‐
doped samples were chosen: one tridymite‐containing sample (1100_24; treated at 1100 °C for 24 
h), three cristobalite samples produced at high temperature (1600_4, 1600_8, 1600_12; treated at 













BET  =  surface  area,  Zeta  pot.  =  zeta potential measured  in water  (W)  or  cell medium  (M),  SEM  =  particle 
images  by  scanning  electron  microscopy,  EPR  =  electron  paramagnetic  resonance  of  the  solid,  Haem  = 
haemolysis, Cytotox = cytotoxicity assays (alamarBlue®, LDH or WST‐1). 
Sample  Particle Characterisation Toxicology 
  PSD  BET  Zeta 
pot. 








         
1600_4  X  X  M, W  X X X X   X  X
1600_8  X  X    X    
1600_12  X  X  M  X X X X X  X  X
800_12  X  X    X    
1100_24  X  X  M, W  X X X X X  X  X
           
2Al+Na_1100_12  X  X    X    
3Al+Na_1100_12  X  X    X    
5Al+Na_1100_12  X  X    X    
           
2Al+Na_1100_24  X  X  M  X X X X   X 
3Al+Na_1100_24  X  X  M  X X X   X 
5Al+Na_1100_24  X  X  M, W  X X X X X X  X  X
3Al_1100_24  X  X  M, W  X X X X X  X  X
           
SS    X  M  X X    
5Al+Na_SS    X  M  X X    
           
DQ12    X  M  X X X X  X 
Cristobalite 
standard 
  X    X    







LS  analyser  (Durham University), with  polarization  intensity differentiation  scattering  (PIDS). Data 
were analysed by Fraunhofer  theory and are presented as cumulative volume %. Particle size was 
also  qualitatively  assessed  by  SEM  imaging.  Surface  area  was measured  by  the  BET method  of 
nitrogen  adsorption  and  was  used  to  calculate  the  surface  area  dose  for  in  vitro  studies.  Zeta 
potential measurements were made to assess the effect of dopants on surface charge on a Malvern 
Nanosizer  instrument from pH 0.5 to 8.5. Two non‐doped samples (1600_4 and 1100_24) and two 
doped  (5Al+Na_1100_24  and  3Al_1100_24)  samples  suspended  in  water  at  0.6  mg/ml  were 
analysed.  The  pH  of  the  samples  in  suspension  in water was  also  recorded  before  the  pH was 
altered.  Zeta‐potential  measurements  in  water  under  these  conditions  allow  differences  in  the 






was used  to measure  silica  surface  radicals of a non‐doped  sample  (1600_4) and a doped  sample 
(5Al+Na_1100_24)  to  see  the  effect  of  dopants  on  surface  radicals.  To  determine  paramagnetic 
centres, a large scan range was used (6000 G), to observe Fe and Al based centres and Si●. A higher 


















µg/ml powder  for 30 minutes. A  cristobalite  standard was also employed  in  this assay, produced 
from  heating  sandstone  quartz  and  fully  characterised  by Michnowicz  (2014),  to  compare  to  the 
cristobalite samples. Results are presented based on both mass and surface area dose. Cytotoxicity 






500  µg/ml  (the  top  concentration  tested)  in  complete  medium  were  incubated  for  24  h  and 
centrifuged at 10000  rpm  for 10 minutes  to  remove particles. The  leachate was  then used  in  the 
alamarBlue®  assay  at  24  h  exposure.  Imaging  of  untreated  and  particle‐treated  cells  post‐24  h 
exposure was performed using  light microscopy. The samples selected for cytotoxicity assays were 
two  high  temperature  non‐doped  cristobalite  samples  (1600_4,  1600_12),  non‐doped  tridymite 
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(1100_24),  and  three  cristobalite  samples  doped  with  incremental  amounts  of  Al  and  Na 










µl particle  suspensions  (125 µg/ml)  for 4 h, using a  staining method and  fluorescence microscopy 
(Zeiss Axioscope)  to determine  if NF‐κB had  translocated  into  the nuclei  (activated).  Images were 





Student’s  t‐test and ANOVA general  linear model with a Tukey’s post‐hoc  test were performed  to 














72 cumulative vol. % particles <10 µm  (the  thoracic  fraction) and 18‐44 cumulative vol. % < 4 µm 
(respirable  fraction)  (Table 7.2). However, by SEM  imaging, very  few particles were observed  that 
were  >5 µm  (Figure  7.2);  as  laser diffraction  data  are presented  as  cumulative  volume %,  this  is 
heavily mass  biased  and  so  cannot  be  compared  directly  to  number %  values  produced  by  SEM 
image analysis. These results suggest that representative  inhalable powders have been successfully 


























       
  <4 µm  <10 µm  (m²/g)  s.d.  (mV)  s.d. 
               
1600_4  7.3  36.6  62.6  4.0  0.1  ‐11.4  0.8 
1600_8  9.3  27.8  56.5  1.0  0.1     
1600_12  10.9  22.6  50.3  0.9  0.1  ‐9.8  1.1 
800_12  13.1  18.1  44.6  8.1  1.2     
1100_24  8.9  31.3  55.9  4.0  0.5  ‐11.1  0.6 
               
2Al+Na_1100_12  7.4  30.3  56.2  3.0  0.1     
3Al+Na_1100_12  5.9  41.5  70.5  5.0  0.1     
5Al+Na_1100_12  5.4  43.6  71.9  4.2  0.5     
               
2Al+Na_1100_24  7.4  36.5  61.4  2.1  0.2  ‐9.8  0.8 
3Al+Na_1100_24  6.4  37.0  60.4  4.7  0.0  ‐10.7  1.1 
5Al+Na_1100_24  6.6  35.9  62.1  2.7  0.1  ‐10.0  0.8 
3Al_1100_24  6.0  42.0  68.9  4.9  0.2  ‐10.7  1.2 
               
SS        94.6  2.8  ‐9.5  0.8 
5Al+Na_SS        87.0  0.8  ‐9.7  1.0 
               
DQ12        9.2  0.2  ‐10.5  0.8 
Cristobalite 
standard 
  8.4*  18.0*  2.3       





























Surface area varied  substantially amongst  the  synthesised  samples,  ranging  from 1  to 8 m2/g, but 
was at least 10 times higher in the starting materials (Table 7.2). Surface charge for selected samples 
measured in water, from 0.5‐8.5 pH, is shown in Figure 7.3. All samples had negative zeta‐potential 
at  all  pH  values.  The  two  non‐doped  samples  had  a  zeta‐potential  of  >‐3.8  at  pH  ~0.5, whereas 























The  spectra of both non‐doped and doped  cristobalite are  characterized by  two distinct  features, 
which occur at effective g values (see Chapter 3) of around 2.0 and 3.0 < g < 4.5 (Figure 7.4). The first 







The  signal  at  g=  4.3  is  indicative  of  iron‐based  paramagnetic  centres,  in  particular,  of  isolated 






























the microwave  power  the  complex  signals  begin  to  deconvolve.  At microwave  power  >1 mW,  a 
shoulder at g=2.007 and a signal at g=1.987 were observed in doped but not non‐doped samples. As 
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doped  sample  (3Al_1100_24), which  did  not  elicit  any  haemolytic  response  at  the  doses  tested 






In  Figure  7.8a‐b,  the  effect  of  formation  temperature  of  non‐doped  cristobalite  on  haemolytic 

































































































(2Al+Na_1100_24,  3Al+Na_1100_24,  5Al+Na_1100_24;  Figure  7.8c)  compared  to  the  non‐doped 
sample (1100_24; Figure 7.8a); however, there is no difference between doping at 2, 3 or 5 oxide wt. 
% Al+Na.   Doping with Al‐only  (3Al_1100_24) eliminated  the haemolytic potential altogether. This 
trend was observed for both mass and surface area doses (Figure 7.8).  
 
On a  surface area dose basis, non‐doped  cristobalite, heated at 1600  °C  for 8 and 12 h  (1600_8, 
1600_12), was as haemolytic as  the non‐doped  tridymite  (1100_24)  (Figure 7.8b), whereas doped 
samples heated for 12 or 24 h at 1100 °C were less haemolytic (Figures 7.8d). However, non‐doped 













































































































































































































































































































































































































































































































al.,  2012, Nattrass  et  al.,  2015).  However,  the  effect  of  structural  impurities  on  crystalline  silica 
toxicity  has  not  been  defined.  Here,  the  potential  toxicity  of  synthetic  cristobalite,  doped  with 
different concentrations of Al and Na or Al‐only (see Chapter 6), was analysed to determine whether 

























is  caused  by  the  presence  of  Al  at  the  surface  causing  an  increase  in  the  acidity  of  the  surface 
silanols. Framework Al has been shown  to decrease  the pH at which a zeta‐potential of zero  (iso‐




negative  Si‐O‐  (Kuzniatsova  et  al.,  2007),  and  may  explain  the  more  negative  charge  of  doped 






However,  surface  charge of  the  synthetic  samples  suspended  in  complete medium  at ~pH 7  (the 
conditions used for cell treatment) did not differ amongst samples or from DQ12, TiO2 and starting 
materials. This  is  likely due  to proteins coating  the particles, as  foetal bovine serum  is  included  in 
complete  medium  (see  Chapter  3).  Therefore,  surface  charge  is  unlikely  to  control  cytotoxicity 





Doping dramatically  reduced  the  amount of  surface  radicals present.  Si  and O based  radicals  are 
produced  by  cleavage  of  the  silica  surface  during  grinding  (Fubini  et  al.,  1987),  and  the  present 
results  showed  a  different  surface  reconstruction  after  the  crystal  fracture  (Figures  7.4  and  7.5) 
between  non‐doped  and  doped  cristobalite, which  is  possibly  due  to  the  presence  of Al  and Na 
impurities. Although no clear  signal  relating  to  [AlO4]0 centres was  seen  (usually a multiline  signal 
across the Si and O based radical region  (Goetze and Ploetze, 1997)), the shoulder at g=2.007 and 
the  additional  signal  at  g=1.987  not  seen  in  non‐doped  samples  (Figure  7.5)  show  dopants  have 
some effect on the nature of the surface radicals. As the samples were tested months post‐grinding, 
the radicals shown here are stable and are likely to reside on the surface of the particles for a long 




and usually Fe‐based centres, as small amounts of Fe were present  in  the starting material  (Table 
6.1, Chapter 6). This is possibly due to the presence of Al3+, which reduces the sites available for Fe3+ 













1100_24),  possibly  due  to  cell  apoptosis. Doping with  Al+Na  decreased  the  haemolytic  potential 
compared  to  the  non‐doped  tridymite‐containing  sample  produced  under  the  same 
temperature/time conditions and, by surface area dose, non‐doped cristobalite heated at 1600  °C 










As  shown  in  Chapter  6,  doping  led  to  a  temperature‐dependent  change  in  the  crystalline  silica 
polymorph  produced:  the  non‐doped  sample  crystallised  predominantly  tridymite  and  the  doped 
samples  crystallised  cristobalite.  Studies of  tridymite  toxicity  are  limited, but  its  toxic potential  is 
thought to be similar to cristobalite (Smith, 1998). Here, we see no categorical differences in toxicity 
between  tridymite  and  cristobalite  samples.  For  example,  1600_12  (cristobalite)  and  1100_24 
(mainly tridymite) had similar haemolytic potentials by surface area dose and were cytotoxic  in all 
assays. Also, there is a large variability in the reactivity of different cristobalite samples. This finding 
is  in agreement with previous  studies  that  indicate  that  the  crystalline  silica polymorph does not 




cristobalite  produced  at  1600  °C  (Chapter  6).  As  the  non‐doped  sample  at  1100  °C  produced 
241 
 
predominantly tridymite, crystal abundance could not be estimated, therefore,  it  is unknown  if the 
reduction  in crystal abundance  is due  to  the  lower  treatment  temperature or due  to  the dopants 
themselves. Regardless, it is possible that lower crystal abundance in the doped cristobalite samples 
may  account  for  their  lowered  reactivity  compared  to  non‐doped  cristobalite.  However,  the 
complete elimination of cytotoxicity and haemolysis in the Al‐only doped sample, and the decrease 






Doping  with  Al+Na  or  Al‐only  produced  α‐cristobalite  with  substitutions  in  its  structure,  which 
altered the crystal  lattice parameters compared to non‐doped samples (Chapter 6). Such structural 
Al  impurities  in  diatomaceous  earth  cristobalite  and  volcanic  cristobalite  have  previously  been 
hypothesised  to dampen  their  toxicity  (Chapter 5, Horwell et al., 2012, Nattrass et al., 2015);  the 
findings here  further suggest  that  the alteration of  the crystal structure could  result  in dampened 
haemolytic  and  cytotoxic  potential.  In  the  case  of  doping with  Al‐only,  it  is  possible  that  these 





non‐doped  samples,  although  the  effect  was  less  pronounced  than  doping  with  Al‐only. 
Crystallisation of impure cristobalite seems the likely cause of the decreased reactivity compared to 
non‐doped samples, as suggested for Al‐only samples. A significant reduction in cytotoxicity was not 
seen  for samples doped with 2 oxide wt.% Al+Na, which corresponds with <1 oxide wt.% Al  in  its 
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structure  (Chapter  6),  compared  to  non‐doped  samples. However,  samples  doped with  >3  oxide 
wt.%  Al+Na  (>1.4  oxide  wt.%  Al  in  their  structure  (Chapter  6))    had  diminished  cytotoxicity. 




The addition of a Na dopant has  reduced  the ability of Al  to decrease  the  reactivity of crystalline 
silica  in vitro here. The 5Al+Na_1100_24  sample had a greater crystal  lattice dimensions  than  the 
3Al_1100_24 sample  (both doped with 3 oxide wt.% Al),  indicative  that additional Na has allowed 
greater uptake of impurities into the crystal (Chapter 6). As discussed above, structural substitutions 
of Al decrease reactivity, shown conclusively by the Al‐only doped sample, but Na  in the structure 
may somehow hinder  the ability of Al  to decrease  reactivity.  It  is unknown how  this would occur, 
therefore,  the  role of Na  in determining  toxicity  remains unclear and  is  the  focus of  future work. 
Additional Na  led to the stabilisation of other phases and their possible role  in determining sample 
toxicity is discussed below. The presence of Al and Na dopants are more representative of natural or 
occupational  cristobalite,  which  is  unlikely  to  be  formed  with  exposure  to  Al  impurities  only. 
Therefore, although structural impurities may dampen the potential toxicity of cristobalite, the role 





The presence of other mineral phases has been  considered  to have  an effect on  crystalline  silica 
toxicity  in mixed dusts, such as diatomaceous earth, volcanic ash and coalmine dust, by altering or 




2015).  Therefore,  the  presence  of Al  and Na‐rich  phases  (albite  and  unidentified Al‐  and Na‐rich 
crystals  as  indicated  by  XRD  and  EDS;  Chapter  6) may  also  alter  the  toxicity  of  cristobalite  here. 
Feldspars  are  generally  considered  to  have  low  toxicity  (e.g.  Housley  et  al.,  2002,  personal 
communication  D.  Damby)  so  it  is  unlikely  that  albite would  contribute  to  the  toxicity  of  these 
samples, and  toxicity decreased as  the  concentration of dopant, and hence  the amount of albite, 
increased.  It  is possible, however, that albite can mask the surface of the crystalline silica, thereby 
reducing its toxic potency. However, as albite was observed in Al+Na doped samples but was barely 
detected  in  Al‐only  doped  samples  (Chapter  6),  and  Al‐only  doped  samples  were  always  less 
reactive, it is not fully responsible for the decreased reactivity of doped samples.  
 
Co‐doping  also  led  to  the  possible  chemical  stabilisation  of  a  small  proportion  of  β‐cristobalite 
(Chapter  6).  As  β‐cristobalite  has  a  different  crystal  structure  compared  to  α‐cristobalite  (cubic 
rather than tetragonal)  it  is possible that they have different toxicities. However, the toxicity of β‐
cristobalite  is  completely  unconstrained.  β‐cristobalite  is  rarely  found  in  nature  but may  exist  in 
volcanic  ash  (Reich  et  al.,  2009).  However,  impure  α‐cristobalite  is  often  misidentified  as  β‐
cristobalite  from  the  XRD  peak  position  (Damby  et  al.,  2014).   Here,  any  β‐cristobalite would  be 
chemically  stabilised, containing more Al and Na  impurities  than  the  α‐cristobalite areas analysed 












potential of quartz  (Pavan et al., 2013). An alteration  in  surface  silanols  could also affect particle 
interaction with macrophages by preventing adsorption of  the cell membrane  to  the silica surface 
(Fubini, 1998), although, here, no qualitative effect on particle uptake by macrophages was observed 
by light microscopy. The reduction in cytotoxicity caused by doping with Al or co‐doping with Al and 
Na,  has  been  seen  in Al‐treated  quartz  (Duffin  et  al.,  2001,  Knaapen  et  al.,  2002).  Treatment  of 
quartz in these studies only affects the surface of the particles, therefore, it is likely that, here, these 
surface modifications are  the main  contributors  to  inhibiting  silica  reactivity. An expansion of  the 
crystal structure with doping (Chapter 6) and the presence of Al at the surface of the particles may 
alter the silanol distributions, known to be  important  in the haemolytic potency of crystalline silica 
(Pavan  et  al.,  2013).  However,  unfortunately,  IR  spectroscopy  could  not  be  performed  on  these 
samples  (as  it was  impossible  to prepare  the  samples  into  a pellet  for  analyses),  so  it  cannot be 
confirmed how Al or Al+Na dopants alter the surface silanol populations. 
 
Surface radicals were only measured  for 1600_4  (non‐doped cristobalite) and 5Al+Na_1100_24  (Al 
and  Na  doped  cristobalite)  samples.  Therefore,  the  effect  of  Al‐only  doping  on  surface  radicals 
cannot be assessed. However, the dramatic decrease  in siloxyl radicals by doping with Al+Na could 





h  (Figure  7.10).  This  suggests  that  impurities  are  not  released  from  the  surface over  this period. 
Therefore,  the  reduced  toxic  potential  due  to  structural  Al  impurities  is  likely  to  be  permanent. 









less  reactive  siloxane  bridges  and  decrease  surface  radicals  (Fubini,  1998,  Fubini  et  al.,  1989). 
However, as samples were crystallised first and then ground into a powder (Chapter 6) variations in 
heating  time  should not have an effect on  surface properties.  In  the haemolysis assay, by  surface 





account  for  their  different  reactivity.  There  was  also  no  significant  difference  between  the 
cytotoxicity of non‐doped 1600_4 and 1600_12 samples  in any cytotoxicity assay.  In both  the  low 
temperature  and  short  duration  samples,  there  was  a  greater  amount  of  residual  amorphous 













Rojanasakul et al., 1999). Therefore, although NF‐κB activation  results could not be used,  the  low 
TNF‐α release indicates that NF‐κB activation is also likely to be low in sample‐treated cells. The lack 
of TNF‐α production here,  in cells treated at sublethal concentrations, suggests that either another 
pathway  leading  to  cytotoxicity  is  occurring,  or  that  no  adverse  effects  occur  to  the  cells  until 
treatment concentrations are high enough to also cause cell death. The different cell type, compared 
to  previous  studies, may  be  a  factor  as  Gozal  et  al.  (2002)  showed  NF‐κB  activation  and  TNF‐α 
release  differs  for  different  types  of macrophages  exposed  to  silica.  They  also  showed  silica  can 
induce  apoptosis  in  cells  with  no  increase  in  TNF‐α  protein  production  or  NF‐κB  activation.  Al 
treatment of quartz has been  shown  to decrease  its ability  to  induce  cytokine  release and NF‐κB 





microscopy  (Figure 7.15). This  is  likely due  to  coating of  the particles with  serum. However, once 
engulfed, this protein‐coating may be removed and the effect of different functional groups at the 




Freshly  fractured  crystalline  silica  surfaces  produce  free  radicals  (Vallyathan  et  al.,  1988).  Silanol 
populations  have  been  indicated  in  radical  production  (Fubini  et  al.,  1995)  and  the  presence  of 




(Knaapen  et  al.,  2002),  decreasing  radical  release  (Schins  et  al.,  2002).  A  comparison  of  surface 
siloxyl radicals  in 1600_4 and 5Al+Na_1100_24, showed a dramatic decrease  in these radicals with 
doping (Figure 7.4), but the inferred difference in silanol populations between non‐doped and doped 
samples  here,  did  not  cause  any  difference  in  free  radical  production.  Here,  HO●  radicals were 





The  low  levels of particle‐derived  free  radicals may account  for  low TNF‐α and NF‐κB activation  in 
treated  cells, as  free  radicals have previously been  implied  in  the  silica  toxicity pathway  involving 
TNF‐α production and activation of NF‐κB (Barrett et al., 1999, Castranova, 2004, Chen et al., 1995, 
Rojanasakul et al., 1999). Regardless, as particle‐derived free radical release, TNF‐α production and 
NF‐κB activation were all  low,  the mechanism by which  the  samples  in  this  study may be  toxic  is 
unknown and, therefore, the mechanism by which Al+Na or Al‐only dopants deceased reactivity also 

















In  agreement with  previous  studies,  the  crystalline  silica  polymorph was  shown  not  to  influence 
toxicity, whereas surface properties, such as a decrease in siloxyl radicals and an increased acidity of 
surface silanols, likely related to the presence of impurities, are potentially important in determining 






2015) but  assessment has been hindered by  the presence of other phases  in  these mixed dusts. 
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As  discussed  throughout  this  thesis,  crystalline  silica  toxicity  is  a  variable  entity  (Donaldson  and 


























Al+Na (Horwell et al., 2012). Here,  it  is shown that structural  impurities are not  limited to volcanic 
cristobalite but are also observed in cristobalite formed during the processing of DE (Chapter 4). As 
with  volcanic  ash,  the most  cristobalite‐rich DE was  found  to  be much  less  toxic  than  expected, 
giving further weight to the hypothesis that    impurities within the cristobalite structure may act to 
dampen  cristobalite  toxicity  (Chapter  5).  This  hypothesis,  tested  on  synthetic  impure  and  pure 
cristobalite  (containing  between  0  and  4  oxide wt.% Al+Na,  spanning  the  range  seen  in  volcanic 






presence  of  any  impurity  in  the  cristobalite  structure  dampens  its  toxic  potential.  Chapter  7 
indicated  that  Al,  alone,  would  have  the  greatest  effect  in  reducing  the  potential  toxicity  of 
cristobalite, with additional Na impurities lessening that effect. However, further work is needed to 






clays  and  carbonates, means  that  these  external minerals may  also  act  to  dampen  the  potential 
toxicity of cristobalite in natural or occupational exposures. Synthetic, impure cristobalite, formed in 
conjunction with albite and other Al‐ and Na‐rich phases, had a reduced toxic potential compared to 
non‐doped  cristobalite  samples where  no  other mineral  phases were  present.  The  reduction  of 
cristobalite  reactivity was  less  than  for  cristobalite with  structural  impurities alone. However,  the 
samples containing both impure cristobalite and other mineral impurities are more representative of 
natural  samples,  and  prove  that  cristobalite  in  the  presence  of  other  minerals  and  containing 
structural  impurities  has  a  reduced  reactivity  to  pure  cristobalite‐only  samples.  To  conclude,  the 





The  ‘crystalline  silica conundrum’,  that crystalline  silica  is not equally  toxic  in all  instances,  is well 
established.  However,  regulations,  including  occupational  exposure  limits  (OELs)  or  permissible 
exposure limits (PELs) do not take into account this variability. Mostly, a single OEL value is used for 
quartz and cristobalite  in all  industries, although, sometimes, cristobalite  is given a  lower OEL than 
quartz  (Table  8.1).  Recently,  a  review  was  conducted  to  provide  information  on  whether  the 
different  crystalline  silica polymorphs warrant different OELs,  concluding  that, overall,  there  is no 
difference  in the toxic potency of quartz and cristobalite (Mossman and Glenn, 2013).  In 2013, the 
Occupational Safety and Health Administration (OSHA) also proposed to make the PEL of quartz and 
cristobalite  the  same  (both  at  50  µg/m3  time weighted  average  (TWA)) whereas,  previously,  the 


















Austria  5  0.15 0.15 0.15  
Belgium  3  0.05 0.05 0.05 3  2
Bulgaria  4  0.07 0.07 0.07 *1 
Czech Republic    0.1 0.1 0.1  
Denmark  5  0.1 0.05 0.05 1.5 
Estonia    0.1 0.05 0.05   2
Finland    0.05 0.05 0.05 5 
France  5  0.05 0.05 0.05  
Germany**  0.5   
Greece  5  0.1 0.05 0.05  
Hungary    0.15 0.15 0.15  
Ireland  4  0.1 0.1 0.1   2.4
Italy  3  0.05 0.05 0.05  
Lithuania  10  0.1 0.05 0.05  
Luxembourg  6  0.15 0.15 0.15  
Netherlands  5  0.075 0.075 0.075  
Norway  5  0.1 0.05 0.05 1.5  1.5
Poland  0.3  0.3 0.3 0.3 2  2
Portugal  5  0.025 0.025 0.025  
Romania  10  0.1 0.05 0.05  
Slovakia    0.1 0.1 0.1   2
Slovenia    0.15 0.15 0.15  
Spain  3  0.1 0.05  
Sweden  5  0.1 0.05 0.05  
Switzerland  6  0.15 0.15 0.15   0.3
UK  4  0.1 0.1 0.1 1.2  2.4
USA (OSHA)***  5  10 / %SiO2 +2 Quartz PEL/2 Quartz PEL/2 80 / %SiO2$  80 / %SiO2






crystal polymorph  is  less  important  than  the  surface characteristics of  the particle and  the crystal 
purity.  The presence of external minerals can also affect crystalline silica toxicity. Therefore, it may 
be more appropriate to set OELs based on the purity of the crystalline silica deposit being utilised, 
rather  than  the crystal polymorph. However,  it  is  important  to note  that  the  long  term effects of 
these impurities in dampening crystalline silica toxicity have not been examined here. Epidemiology 





As  well  as  implications  for  setting  crystalline  silica  regulations  and  occupational  exposures,  the 
response  to  cristobalite exposure post‐volcanic eruption may also be  impacted by  this and  future 
research. Previous  research has  focussed on crystalline silica content  in  respirable volcanic ash,  to 
determine  the  respiratory  health  hazard  to  the  exposed  population.  Substantial  quantities  of 
cristobalite were  found  in  volcanic  ash  from  the 1980 Mount  St Helens eruption  (Dollberg et  al., 
1986), and the sustained eruptions, spanning decades, of Soufriere Hills Volcano (SHV), Montserrat, 
produced volcanic ash containing up to 30 wt.% cristobalite (Horwell et al., 2014, Jones and BéruBé, 
2011).  Long‐term  exposure  to  ashfall  and  resuspended  ash  during  clean‐up  operations  led  to 
concern  over  the  potential  for  development  of  silicosis  and,  to  a  lesser  extent,  lung  cancer  in 
exposed populations (Baxter et al., 2014, Hincks et al., 2006). This led to costly clean‐up operations, 
and temporary and permanent relocation of populations (Baxter et al., 2014). However, analysis of 
SHV cristobalite shows  it  to contain up  to 4 oxide wt.% Al+Na, and other phases, such as glass or 
feldspars, occluded  the crystalline silica surface  (Horwell et al., 2012). Subsequently,  the ash  from 







al., 2012, Le Blond et al., 2010).  If further work,  including well‐controlled epidemiology and  in vivo 
studies  (see  Section  8.5),  proves  that  impurities  can  reduce  crystalline  silica  pathogenicity  in  the 
long‐term, addition of SEM‐EDS analyses of the cristobalite (to determine its purity) to the protocol 
could  provide  information  on  its  likely  ability  to  induce  silicosis. With  further  work,  analysis  of 











of  particles  during  flux‐calcination may  also  account  for  their  low  reactivity.  Some  of  the most 
reactive  DE  samples  were  unprocessed,  containing  only  trace  quantities  of  crystalline  silica. 








therefore,  in vivo studies are needed to determine  if these unprocessed samples are of concern  in 
the long term. That the reactivity of unprocessed and calcined DE differed by location also warrants 
further  investigation,  to determine whether  a  single OEL  value  can be  applied  to  all DE, or  if DE 
regulation  should/could  be  based  on  processing  technique with  an  inbuilt  factor  for  cristobalite 
purity  (as  described  above)  and  presence  of  certain  external  impurities  that  would  need  to  be 
defined. Although this may be possible in DE mines and processing plants, this would be difficult to 







on  its potential  toxicity, using  specifically produced  synthetic  samples, has  strongly  indicated  that 
structural substitutions and external phases can decrease the toxic potency of cristobalite. However, 
to  determine  the  impact  of  these  impurities  in  occupational  and  environmental  exposures  to 
cristobalite requires further work. Here, J774 murine macrophages were used in all cytotoxicity cell 
studies, as macrophages are actively  involved  in defence and particle clearance from the  lung, and 
are  important  in  silica‐induced  toxicity. However,  the  effect  of  non‐doped  and  doped  crystalline 
silica samples on different cell types should also be addressed. Different types of macrophages can 
respond  in different ways,  for example, TNF‐α production and NF‐κB activation can be elevated  in 
RAW  264.7 macrophages  under  conditions where  no  response  is  recorded  in  IC‐21 macrophages 
(both  derived  from mice)  (Gozal  et  al.,  2002).  Lung  epithelial  cells  should  also  be  considered  as, 
although  these are not actively  involved  in particle clearance,  they can  interact with particles and 
other  cells,  inducing  cell‐signalling  pathways  important  in  development  of  silicosis  or  cancers. 
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Further  endpoints  should  also  be  considered;  here,  cytotoxicity,  TNF‐α  generation  and  NF‐κB 
activation were  the main endpoints  studied, as  these have been  shown  to be  important  in  silica‐
induced disease (Chen et al., 1995, Gozal et al., 2002, Hamilton et al., 2008, Rojanasakul et al., 1999). 
However, other pro‐inflammatory cytokines should also be assessed. Recently, the importance of Il‐
1β  in  silica‐induced  toxicity  has  become  apparent  and  is  linked  to  the  inflammasome  activation 
pathway of  silica  induced disease  (Cassel et al., 2008, Peeters et al., 2014). No  Il‐1β was  released 
from DE‐treated cells  (Chapter 5), however,  Il‐1β was not analysed  for cells  treated with synthetic 
crystalline silica samples. Other pathways, such as activator protein activation, and oxidative stress 
could also be analysed,  to determine  the mechanisms causing  silica‐induced  toxicity and how  this 
varies between non‐doped and doped crystalline silica.  
 





assays  employed  here  (Chapter  5),  flux‐calcined  samples  induced  substantial  particle  derived 
hydroxyl  radical  (OH●)  generation, which  has been  shown  to  correlate with  particle  transforming 





is  the  lack  of  long  term  exposure  times  to  assess  if  both  inherent  and  external  impurities  in 





doped  cristobalite  induce  disease  to  different  extents  as well  as  assessment  of whether  there  is 
preferential  dissolution  of  other  phases  that mask  the  crystalline  silica  surface  and,  therefore,  if 
disease may  develop  over  time.  In  vivo  studies would  also  allow  the  assessment  of  removal  or 





To date, only volcanic and DE cristobalite have been assessed  for  their purity. Although, DE  is  the 
main  source of occupational exposure  to  cristobalite, other  industries  should  also be  considered. 
Cristobalite forms during calcining in the ceramics industry and can form from the heating of quartz 
in  refractory brick works.  In both  volcanic  settings and  the DE  industry,  cristobalite  is  crystallised 
from an amorphous source of silica. Crystallisation from quartz may affect uptake of impurities into 




also  be made.  In  samples  co‐doped with Al  and Na,  phases  other  than  cristobalite were  formed 
(Chapter 6), some of which could not be  identified.  It  is possible  there was  localised  formation of 
these phases due to poor mixing of the silica sol and impurities. Saltzberg et al. (1992), used a spray 










as  amorphous  material,  leaving  a  cleaner  crystalline  silica  surface,  although  this  is  likely  to 
preferentially remove  impurities from the surface. These techniques were not employed here, as a 
sample analogous to cristobalite formed in volcanic or occupational settings was required. However, 



















also  observed  in  substantial  quantities  (Chapter  4).  The  effect  of  Fe  on  silica  toxicity  is  not well 
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established  (Chapter 2) and  is dependent on  the  redox and coordinative state of Fe  (Fubini et al., 
2001). Therefore, synthetic samples with incremental Fe could be produced to analyse the ease of Fe 
incorporation  into  the  crystal  structure,  the  form  this  takes  (likely  Fe3+  substituting  for  Si4+  in  the 







alongside Al+Na doped  samples,  could provide  information  as  to  the  role  that Na plays  and why 
there  is a difference  in  toxicity. Further characterisation of  the current particles, discussed above, 
may also help  to elucidate  the  role  that Na plays  in Al uptake  into  the crystal  structure or at  the 
crystal surface and how this alters toxicity.         
 
Although  not  a  key  aim  of  the  present  study,  further  understanding  the  source  and  uptake  of 
impurities  into the crystalline silica structure should be considered. Unfortunately, unprocessed DE 
samples were not available from all locations to determine the differences in the types of impurities 
among  DE  deposits  from  different  locations.  Unprocessed  French  and  Spanish  samples  were 
enriched in clays and calcite respectively (Chapter 4), and had contrasting reactivity in vitro (Chapter 
5).  Therefore,  an  understanding  of  variability  of  impurities  in  unprocessed  samples  globally  is 
important  in understanding DE  toxicity. Here, we  showed  that  clays and  carbonates were broken 
down during calcination, however, the change in the form of impurities during processing should be 
examined  further,  and  how  impurities  are  taken  into  the  cristobalite  structure  should  be 







This  thesis  has  shown  that  cristobalite  in  processed  DE  is  structurally  impure,  regardless  of  the 
location of the deposit, as has previously been observed for volcanic cristobalite. It is likely that most 




Other  factors  also  controlled  the  potential  toxicity  of  DE.  The  low  surface  area,  and  cristobalite 
formation within an amorphous matrix,  in  flux‐calcined DE, means exposure of  cristobalite at  the 
surface  of  the  particles  is  limited  and  may  also  explain  their  low  reactivity  in  vitro.  Other 
contaminant phases may contribute to DE toxicity and the different particle morphologies in DE may 
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1000 32 ‐ amorphous, α‐crist
1050 24 ‐ amorphous, α‐crist
1100 3 ‐ a crist 
1150 1 ‐ α‐crist 
1400 1 ‐ α‐crist 
1000 32 Ca, Al 1:2:38 2:8:90 α‐crist, amorphous
1050 24 Ca, Al 1:2:38 2:8:90 α‐crist, quartz
1150 3 Ca, Al 1:2:38 2:8:90 α‐crist, quartz
1000 32 Ca, Al 1:2:27 3:11:86  β‐crist 







sol/gel  800 9 Na 1:0:76 1:0:99 α‐crist 
825 8 Na 1:0:76 1:0:99 α‐crist 
850 2.5 Na 1:0:76 1:0:99 α‐crist 
750 9 Na 1:0:50 2:0:98 α‐crist 
775 8 Na 1:0:50 2:0:98 α‐crist 
800 2.5 Na 1:0:50 2:0:98 α‐crist 
800 ? Na 1:0:38 3:0:97 α‐crist 







sol/gel  1100 24 Na, Al 1:1:32 3:5:92 α‐crist 
1100 24 Na, Al 1:1:25 4:6:90 α‐ and β‐crist 
1100 48 Na, Al 1:1:20 5:8:87 α‐crist (β‐crist?)
1100 48 Na, Al 1:1:14 6:10:84  β‐crist 
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1100 48 Na, Al 1:1:32 3:5:92 α‐ and β‐crist 
1100 48 Na, Al 1:1:25 4:6:90 α‐ and β‐crist 
1100 48 Na, Al 1:1:20 5:8:87 α‐ and β‐crist 







sol/gel  1100 48 Al 0:1:32 0:5:95 α‐crist 
1100 48 Al 0:1:25 0:6:94 α‐crist 
1100 48 Al 0:1:20 0:8:92 α‐crist 
1100 48 Al 0:1:14 0:11:89  amorphous (α‐crist)
1100 1 Na 1:0:50 2:0:98 α‐trid, α‐crist 







sol/gel  1200 12 Na, Al 1:1:50 2:3:95 α‐crist 
1200 12 Na, Al 1:1:33 3:5:92 α‐crist 
1200 24 Na, Al 1:1:22 4:7:89 α‐crist (amorphous)
1200 24 Na, Al 1:1:17 5:8:86 α‐crist, amorphous (β‐
crist) 
1200 24 Na, Al 1:1:16 5:9:86 α‐crist, amorphous β‐
crist 
1200 24 Na, Al 1:1:15 6:9:85 β‐crist, amorphous (α‐
crist) 
850‐1200 24 Na, Al 1:1:14 6:10:84  β‐crist, amorphous
1250 24 Na, Al 1:1:14 6:10:84  amorphous, β‐crist
1300 24 Na, Al 1:1:14 6:10:84  amorphous (β‐crist)
1200 24 Na, Al 1:1:13 7:11:83  amorphous, β‐crist
1200 24 Na, Al 1:1:12 7:11:82  amorphous, β‐crist
   
800 24 Na, Al 1:1.8:17 5:15:80  Amorphous 
900‐1000 24 Na, Al 1:1.8:17 5:15:80  amorphous (β‐crist)
1200 24 Na, Al 1:1.8:17 5:15:80  β‐crist, amorphous
1250‐1300 24 Na, Al 1:1.8:17 5:15:80  β‐crist, amorphous, 
mullite 
   
1000‐1200 24 Ca, Al 1:1:10 7:13:79  β‐crist, anorthite
1000‐1200 24 Ca, Al 1:1:15 5:10:85  β‐crist, anorthite
1000‐1200 24 Ca, Al 1:1:20 4:7:88 β‐crist (anorthite)
1000‐1200 24 Ca, Al 1:1:25 3:6:90 β‐crist (anorthite)
1000 24 Ca, Al 1:1:30 3:5:92 β‐crist (anorthite)
1000 24 Ca, Al 1:1:35 2:5:93 β‐crist (anorthite)
1000 24 Ca, Al 1:1:40 2:4:94 β‐crist (anorthite)
1200 24 Ca, Al 1:1:30 3:5:92 β‐crist (anorthite, α‐
crist) 
1200 24 Ca, Al 1:1:35 2:5:93 β‐crist (anorthite, α‐
crist) 
1200 24 Ca, Al 1:1:40 2:4:94 β‐crist (anorthite, α‐
crist) 
1400 24 Ca, Al 1:1:10 7:13:79  β‐crist (amorphous)
1400 24 Ca, Al 1:1:15 5:10:85  β‐crist (α‐crist)
1400 24 Ca, Al 1:1:20 4:7:88 β‐crist (α‐crist)
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1400 24 Ca, Al 1:1:25 3:6:90 β‐crist (α‐crist)
1400 24 Ca, Al 1:1:30 3:5:92 β‐crist (α‐crist)
1400 24 Ca, Al 1:1:35 2:5:93 β‐crist, α‐crist





























silica sol   sol/gel  1100 24 Ca, Al 1:2:165 1:2:97 quartz, α‐crist
1100 24 Ca, Al 1:2:82 1:4:95 α‐crist, CSC, quartz
1100 24 Ca, Al 1:2:38 2:8:90 CSC 
1100 24 Ca, Al 1:2:20 4:14:82  CSC, anorthite
1100 24 Ca, Al 1:4:38 2:15:83  CSC 
   
1100 24 ‐ α‐crist (quartz)
   
1100 24 Ca, Al 1:2:38 ‐ CSC 
1100 24 Ca, B 1:2:38 ‐ α‐crist, quartz
1100 24 Ca, La 1:2:38 ‐ α‐crist, Ca3La6Si6O24
1100 24 Ca, Y 1:2:38 ‐ α‐crist, quartz, 
Ca4Y6Si6O25 
1100 24 Ca, Ga 1:2:38 ‐ α‐crist, quartz
1100 24 K, Al 1:1:19 ‐ α‐crist, amorphous
1100 24 Na, Al 1:1:19 ‐ CSC, α‐crist, amorphous 
(quartz) 
1100 24 Li, Al 1:1:19 ‐ α‐crist, ? , amorphous
1100 24 Mg, Al 1:2:38 ‐ amorphous, α‐crist
1100 24 Sr, Al 1:2:38 ‐ CSC (α‐crist) 
1100 24 Ba, Al 1:2:38 ‐ α‐crist, BaAl2Si2O8
1100 24 Zn, Al 1:2:38 ‐ amorphous, ?
1100 24 La, Al 1:3:57 ‐ α‐crist (quartz)
1000 24 Ca, Al 1:2:38 ‐ CSC (amorphous)
1000 24 Ca, B 1:2:38 ‐ α‐crist, quartz
1000 24 Ca, La 1:2:38 ‐ α‐crist, Ca3La6Si6O24, 
amorphous 
1000 24 Ca, Y 1:2:38 ‐ α‐crist, amorphous 
(quartz) 
1000 24 Ca, Ga 1:2:38 ‐ α‐crist, quartz
1000 24 K, Al 1:1:19 ‐ Amorphous 
1000 24 Na, Al 1:1:19 ‐ CSC, α‐crist, amorphous 
(quartz) 
1000 24 Li, Al 1:1:19 ‐ α‐crist, ? , amorphous
1000 24 Mg, Al 1:2:38 ‐ amorphous (α‐crist)
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1000 24 Sr, Al 1:2:38 ‐ CSC (α‐crist) 
1000 24 Ba, Al 1:2:38 ‐ amorphous (α‐crist)
1000 24 Zn, Al 1:2:38 ‐ amorphous (?)
1000 24 La, Al 1:3:57 ‐ amorphous (α‐crist)




Aerosol  ‐  1400 24 ‐ α‐crist 





sol/gel  1100 24 Ca, Al 1:2:40 2:8:90 CSC 






sol/gel  1100 24 Ca, Al 1:2:98 1:3:96 quartz, α‐crist, β‐crist
1100 24 Ca, Al 1:2:48 2:6:92 quartz, α‐crist, β‐crist
1100 24 Ca, Al 1:2:38 2:8:90 β‐crist 
1100 24 Ca, Al 1:2:31 3:10:88  β‐crist, anorthite
1100 24 Ca, Al 1:2:27 3:11:86  β‐crist, anorthite
1100 24 Ca, Al 1:2:23 3:12:84  β‐crist, anorthite
1100 24 Ca, Al 1:2:18 4:15:81  β‐crist, anorthite
1100 12 Ca, Al 1:2:38 2:8:90 β‐crist (α‐crist)
1100 12 Ca, Al 1:4:38 2:15:83  β‐crist (α‐crist)
1100 4 Ca, Al 1:2:38 2:8:90 β‐crist (α‐crist)
1100 4 Ca, Al 1:4:38 2:15:83  β‐crist 





  1450 3 ‐ α‐crist 
  1100 ? ‐ α‐crist 







sol/gel  1200 18‐24 Na, Al 1:1:14 6:10:84  β‐crist, amorphous
1300 18‐24 Na, Al 1:1:14 6:10:84  Amorphous, β‐crist
1000 18‐24 Ca, Al 1:1:30 ‐ β‐crist 
1000 18‐24 Cu, Al 1:1:30 ‐ β‐crist 
1000 18‐24 Sr, Al 1:1:30 ‐ β‐crist, feldspar‐type
1000 18‐24 Ba, Al 1:1:30 ‐ α‐crist, ? 
1000‐1300 18‐24 K, Al 1:1:14 ‐ Amorphous 
950 18‐24 Li, Al 1:1:14 ‐ α‐crist, stuffed quartz
1000‐1400 18‐24 Na, Mg 1:1:14 ‐ Trid 
1050‐1100 18‐24 Na, Mg 1:1:1.5 ‐ Na4Mg2Si3O10, 
Na2MgSiO4 
1000 18‐24 Mg, Al 1:1:9 ‐ β‐crist, stuffed quartz, 
amorphous 
900 18‐24 Mg, Al 1:1:14 ‐ Amorphous 
1000 18‐24 Mg, Al 1:1:14 ‐ β‐crist, stuffed quartz, 
amorphous, trid 
1100 18‐24 Mg, Al 1:1:14 ‐ α‐crist 
1000 18‐24 Mg, Al 1:1:28 ‐ α‐crist 
1100 18‐24 Zn, Al 1:1:30 ‐ Quartz, α‐crist
1200 18‐24 Ni, Al 1:1:30 ‐ α‐crist 
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1100 18‐24 Co, Al 1:1:30 ‐ α‐crist, quartz
1000 18‐24 Pb, Al 1:1:30 ‐ α‐crist, Pb2AI2O5
1000 18‐24 Ca, Fe 1:1:30 ‐ α‐crist, CaFe4O7
1000‐1100 18‐24 Pb, Fe 1:1:30 ‐ Trid 





1000 4 Li LiSi2O5, quartz
800 4 Li quartz, crist 
800 4 Na Crist 
800‐1000 4 K trid, crist, amorphous



































Particle  size  distribution  and  BET  surface  area  data  for  one  non‐doped  (1600_4)  and  one  doped 
(2Al+Na_1100_24) synthetic crystalline silica samples ground by cryogenic milling or hand grinding 









           
  1600_4_1h  1600_4_30min  2Al+Na_1100_24_30min 1600_4_HG  2Al+Na_1100_24_HG
Particle 
size 




44.8  32.7 17.5 22.3  19.7
           
c.v. %           
<4 µm  12.5  19.3 30.8 13.6  17.8
<10 µm  25.8  36.6 51.6 27.7  35.6
<100 µm  89.8  94.1 100.0 100.0  100.0
           
Surface 
area 
         



























































All  raw  data  for  Chapter  5  are  available  in  Appendix  2.  Here,  graphical  presentation  of  the 
haemolytic  potential  of  the  bulk  and  fine  fraction  of  DE  (Figure  A2).  There  was  no  significant 
difference between the haemolytic potential of the bulk and fine fraction of any sample, analysed by 
ANOVA, and Tukey’s post‐hoc statistical tests. The haemolytic potency and cytotoxicity determined 














































































































The global variability of diatomaceous
earth toxicity: a physicochemical and
in vitro investigation
C. Nattrass1, C. J. Horwell1*, D. E. Damby2, A. Kermanizadeh3,4, D. M. Brown3 and V. Stone3
Abstract
Background: Diatomaceous earth (DE) is mined globally and is potentially of occupational respiratory health
concern due to the high crystalline silica content in processed material. DE toxicity, in terms of variability related to
global source and processing technique, is poorly understood. This study addresses this variability using
physicochemical characterisation and in vitro toxicology assays.
Methods: Nineteen DE samples sourced from around the world, comprising unprocessed, calcined and
flux-calcined DE, were analysed for chemical and mineral composition, particle size and morphology, and surface
area. The potential toxicity of DE was assessed by its haemolytic capacity, and its ability to induce cytotoxicity or
cytokine release by J774 macrophages.
Results: The potential toxicity of DE varied with source and processing technique, ranging from non-reactive to as
cytotoxic and haemolytic as DQ12. Crystalline silica-rich, flux-calcined samples were all unreactive, regardless of
source. The potential toxicity of unprocessed and calcined samples was variable, and did not correlate with
crystalline silica content. Calcium-rich phases, iron content, amorphous material, particle size and morphology all
appeared to play a role in sample reactivity. An increased surface area was linked to an increased reactivity in vitro
for some sample types.
Conclusions: Overall, no single property of DE could be linked to its potential toxicity, but crystalline silica content
was not a dominant factor. Occlusion of the potentially toxic crystalline silica surface by an amorphous matrix or
other minerals and impurities in the crystal structure are suggested to pacify toxicity in these samples. In vivo
verification is required, but these data suggest that crystalline silica content alone is not a sufficient indicator of the
potential DE hazard.
Keywords: Diatomaceous earth, Cristobalite, Crystalline silica, Cytotoxicity, Haemolysis, Variability
Introduction
Diatomaceous earth (DE), a sedimentary deposit of
silica-rich diatom frustules, is mined globally for a range
of purposes, including its commercial value in the filler
and filter aid industries [1, 2]. Diatomite deposits are
mainly composed of amorphous silica or opal diatom
skeletons – the dominant diatom species of which can
vary among deposits [2] – and can be interspersed with
contaminant minerals, such as clays or carbonates [1].
Extracted material is processed by a series of grinding, cal-
cination and classification techniques to give a wide range
of end products. During this process, the diatomite de-
posit (unprocessed DE) is treated at ~1000 °C with (flux-
calcined) or without (calcined) the presence of a fluxing
agent, usually sodium carbonate [1, 3]. During calcination,
the amorphous silica is converted to crystalline silica, pre-
dominantly in the form of cristobalite [2, 3]. The potential
for crystalline silica to cause silicosis is well established
[4–6], and quartz and cristobalite are classified as Group 1
carcinogens [7, 8]; therefore, exposure to processed DE
has the potential to cause chronic respiratory disease.* Correspondence: claire.horwell@durham.ac.uk1Institute of Hazard, Risk & Resilience, Department of Earth Sciences, Durham
University, Durham DH1 3LE, UK
Full list of author information is available at the end of the article
© 2015 Nattrass et al. This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly credited. The Creative Commons Public Domain Dedication waiver (http://
creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
Nattrass et al. Journal of Occupational Medicine and Toxicology  (2015) 10:23 
DOI 10.1186/s12995-015-0064-7
A number of epidemiology studies assessing the re-
spiratory DE hazard show increased mortality [9, 10],
pneumoconiosis [11–14], increased risk of lung cancer
[9, 10, 15] and other lung diseases [16] in DE workers,
compared to unexposed populations. These findings are
supported by radiographic evidence, which shows a
strong relationship between exposure and the risk of
opacities in chest X-rays indicative of silicosis [17]. How-
ever, these studies only focused on DE deposits from
California, USA, and little is known about how the phys-
icochemical characteristics of DE vary globally. As such,
these data may not inform the health hazard of DE
worldwide; the few studies at other locations are much
less detailed. The largest of these studies, in Iceland,
showed a non-significant increase in lung cancer for DE
workers [18]. Beskow [19] and Ebina et al. [20] found
signs of silicosis in DE workers in Sweden and Japan,
but these were based on a small number of cases;
whereas, Joma et al. [21] found no signs of pneumoconi-
osis in DE-exposed workers in the Netherlands, but air-
flow in the lung was reduced after exposure.
Some of the above studies include evidence of
silicosis-type pathology [12, 19, 20, 22], or strong, posi-
tive correlations between crystalline silica content and
level of observed disease [9, 17, 23]. However, other
clinical and epidemiological studies have demonstrated
no link between crystalline silica exposure and the
pathogenicity observed in DE workers [14], and showed
pathological changes in the lungs which differ from typ-
ical quartz-induced silicosis [22]. Generally, crystalline
silica content is shown to be very low in unprocessed
samples (0–4 wt.%), high in calcined samples (>10 wt.%),
and highest in flux-calcined samples (>20 wt.%) (e.g. [9,
24]). It is often difficult to distinguish among these dif-
ferent types of DE exposures in epidemiological studies.
Toxicology studies allow differences between proc-
essed and unprocessed DE to be studied systematically.
As with epidemiological studies, there is discrepancy
among toxicological studies as to whether crystalline sil-
ica content is the determinant factor for disease. This
knowledge is essential for the effective risk management
of worker safety.
Many in vitro studies indicate that the cytotoxicity of
DE does not correlate with crystalline silica content, as
unprocessed and calcined DE exert a greater cytotoxic
effect than cristobalite-rich flux-calcined DE in a num-
ber of in vitro assays on different cell lines [24–27].
However, work by Elias and co-workers has shown that
cristobalite-rich DE samples (both flux-calcined and
those calcined at high temperature) have increased pro-
carcinogenic potential in Syrian hamster embryos com-
pared to unprocessed DE and DE calcined at lower
temperature [26, 28]. Exposure to both unprocessed and
flux-calcined DE also resulted in an increase in abnormal
nuclei formation (a marker of genotoxicity) in Chinese
hamster ovary cells, with the damage more significant
than quartz and cristobalite standards [24].
In vivo studies of unprocessed, amorphous DE show it
has the potential to be pathogenic, causing acute/sub-
acute inflammation in rats 60 days after a single intratra-
cheal injection of 10 mg DE, an effect that decreased with
time [29]. While inhalation of unprocessed DE (170 mil-
lion particles per cubic foot (mppcf)) by guinea pigs for
39–44 h/week for 24 months resulted in fibrosis, calcined,
cristobalite-rich DE was seen to cause more severe fibrosis
more rapidly [30]. However, in a separate study, exposure
via inhalation to 5–50 mppcf flux-calcined DE, consisting
of 61 % cristobalite, for 30 h/week up to 30 months caused
no body weight loss or pulmonary fibrosis in rats, guinea
pigs or dogs [31].
Previous studies have focussed on few samples and
single locations and, therefore, have not been able to in-
vestigate the source-dependent compositional and mor-
phological variability of DE and the effect of this
variability on toxicity endpoints. This study overcomes
this limitation by determining the potential toxicity of
DE sourced from seven quarries across the world, and
investigating the physicochemical characteristics of the
material to understand the properties that affect DE tox-
icity. Samples chosen cover a spectrum of deposit types,
purities and processing techniques. Physicochemical
analyses assessed sample composition, morphology, par-
ticle size and surface area. Haemolysis allowed for the
assessment of particle-induced membrane damage, while
cytotoxicity and cytokine release from macrophages
were used to assess potential particle toxicity and the
potential to induce inflammation.
Materials and methods
Nineteen DE samples were sourced from mines around
the world to account for the global variability of DE de-
posits (Table 1). A range of DE products that encompass
the spectrum of compositional characteristics and pro-
cessing techniques available were selected using geo-
chemical data obtained though the European Industrial
Minerals Association (IMA-Europe). The sample set
comprised unprocessed, calcined and flux-calcined sam-
ples, and included filler and filter aid grades of DE,
which are determined by post-calcination size classifica-
tion. Samples were chosen from a range of source de-
posits, including those with impurities (carbonates and
clays). Unprocessed samples, and the equivalent sample
post-processing, were sourced where possible in order to
directly establish the effects of processing.
Separation of the fine fraction
Fine fractions (close to PM10) were separated from 5
bulk samples for toxicological assessment alongside their
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bulk counterparts (Table 1). The samples, which com-
prise a range of crystalline silica contents, bulk impur-
ities, and processing techniques, were separated by dry-
resuspension as previously described by Moreno et al.
[32]. Briefly, the sample was suspended in a horizontal
rotating drum with a baffle (1.5 rpm). Airflow of 6 l/min
was passed through this system, which carried sus-
pended particles through a gravitational settling cham-
ber, where coarser particles were deposited, and the fine
fraction continued through a Negretti elutriation filter
system and was collected on a polycarbonate filter. The
particle size distribution of the separated fine fractions
was determined by SEM image analysis.
Physicochemical characterisation
Physiochemical analyses were carried out on bulk sam-
ples (because of the mass required by some techniques).
The crystalline silica polymorph and relative crystalline
silica contents were measured by X-ray diffraction pos-
ition sensitive detection (XRD-PSD; Bruker D8 Advance,
Durham University) from 5 to 90° 2θ. Samples were
ground to a fine powder and compacted into a well
using the knife-edge of a spatula to ensure random crys-
tal orientation [33]. The intensity of the primary peak
(26.6 °2θ for quartz and 21.8 °2θ for cristobalite) was
used as a proxy for the relative amounts of crystalline
silica. To account for the different diffraction intensities
of quartz and cristobalite, the peak heights of pure-
phase quartz and cristobalite standards, run under the
same conditions, were used to normalise the relative
peak heights in the samples. This allowed the addition of
peak intensities of quartz and cristobalite to give relative
total crystalline silica contents amongst the samples.
Bulk chemical compositions were measured by X-ray
fluorescence (XRF; PANalytical Axios Advanced X-ray
fluorescence spectrometer, University of Leicester). Par-
ticle sections were produced in polished resin blocks,
coated with 25 nm carbon, and imaging and elemental
analysis were performed by scanning electron micros-
copy (SEM) and energy dispersive X-ray spectroscopy
(EDS) at 15 kV (Hitachi SU-70 FEG SEM, Durham Uni-
versity). The elemental composition of cristobalite in in-
dividual particles, and amorphous material in cristobalite-
containing particles was measured in samples where these
particles were clearly seen.
Particle size distributions were analysed by laser diffrac-
tion using a Coulter LS analyser (Durham University),
with polarization intensity differentiation scattering (PIDS)
Table 1 Information for diatomaceous earth samples, including: particle size distribution, surface area and chemical composition






Sample ID Source Process Grade <4 μm <10 μm Mean s.d. SiO2 TiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O
DE_05#a Spain U Filler 11.3 38.8 7.5 0.7 90.47 0.05 0.91 0.38 0.34 6.96 0.65 0.14
DE_11b Spain U Filler 12.4 47.3 6.3 0.4 87.26 0.05 1.40 0.42 0.49 8.96 1.04 0.17
DE_13c France U Filter aid 7.8 28.0 22.9 0.2 89.02 0.64 4.42 3.22 0.36 0.66 0.38 0.35
DE_15d France U Filter aid 7.9 28.5 23.8 0.3 87.40 0.70 4.73 3.99 0.49 0.74 0.19 0.34
DE_16d France C Filter aid 6.7 25.0 3.8 0.1 88.03 0.66 4.50 3.86 0.39 0.66 0.17 0.33
DE_18 China C Filter aid 7.3 28.1 3.1 0.1 93.49 0.15 3.71 1.67 0.35 0.08 −0.04 0.50
DE_20# Mexico C Filter aid 6.8 25.3 4.0 0.1 92.00 0.24 5.07 1.95 0.34 0.30 −0.13 0.20
DE_21 USA-1e C Filter aid 6.2 21.7 5.7 0.2 87.83 0.32 6.57 1.81 1.02 0.54 0.51 1.02
DE_22 USA-1 C Filler 25.4 71.5 10.6 0.2 93.24 0.17 3.82 1.15 0.65 0.17 0.03 0.59
DE_23 USA-1 C Filter aid 21.8 65.5 6.8 0.2 93.88 0.15 3.03 1.05 0.69 0.30 0.21 0.47
DE_24# Mexico C Filter aid 12.1 45.0 5.9 0.2 93.63 0.19 3.89 1.49 0.33 0.22 0.01 0.18
DE_06a Spain FC Filler 8.5 34.4 1.1 0.1 91.27 0.03 0.67 0.35 0.27 6.25 1.00 0.09
DE_07 USA-1 FC Filler 10.6 31.6 1.3 0.0 91.67 0.15 3.00 1.07 0.53 0.29 2.69 0.48
DE_08# USA-2e FC Filler 9.2 28.7 1.3 0.1 93.07 0.06 1.12 1.99 0.51 0.30 2.89 0.03
DE_09 Chile FC Filler 9.8 33.4 1.5 0.1 93.04 0.10 1.82 0.95 0.23 1.29 2.15 0.34
DE_10# Mexico FC Filler 8.7 35.3 1.7 0.1 93.64 0.10 2.05 0.80 0.14 0.32 2.59 0.12
DE_12b Spain FC Filler 8.5 33.4 1.0 0.1 90.67 0.03 1.12 0.35 0.31 6.64 0.69 0.10
DE_14c France FC Filter aid 6.4 17.0 1.1 0.1 87.36 0.58 4.10 2.61 0.40 0.62 3.17 0.39
DE_17 China FC Filter aid 4.6 11.4 1.0 0.0 91.68 0.13 3.12 1.44 0.27 0.11 2.22 0.51
Table sorted by process: U unprocessed, C calcined, FC flux-calcined, c.v. cumulative volume, s.d. standard deviation (n = 3). #The fine fractions of these samples
were separated for use in toxicology assays. e Samples were sourced from two separate deposits in the USA and so are denoted as USA-1 and USA-2.a–d Unpro-
cessed samples and their corresponding processed samples
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to analyse particles in the range of 0.04–2000 μm diameter
(all samples fell within this range). Data are presented as
cumulative volume (c.v.) % and are an average of two 90 s
measurements, analysed by Fraunhofer theory.
Qualitative analysis of dominant diatom morphology
was performed on all samples by mounting particles on
polycarbonate discs, which were adhered to aluminium
stubs by carbon pads. These were coated with 25 nm
gold/palladium and imaged at 8 kV by SEM. Quantita-
tive assessment (1000–2000 particles per sample) of par-
ticle size and the abundance of fibre-like particles
(defined by an aspect ratio >3 [34]), was conducted on
the five fine fractions used in toxicology experiments
and their corresponding bulk samples (DE_05, DE_08,
DE_10, DE_20 and DE_24).
Surface area was analysed by nitrogen adsorption
measurements at 77 K using a TriStar 3000 instrument
(Durham University). Samples were dried in nitrogen
gas at 120 °C overnight. The Brunauer-Emmett-Teller
(BET) theory was applied to measurements at relative
pressures of 0.05–0.24, and the results are the mean of
three repeated measurements.
In vitro toxicology
Haemolysis is a measure of the ability of particles to
rupture cell membranes, and has been shown to be a
good indicator of the pro-inflammatory potential of crys-
talline silica [35]. Haemolysis was performed on all 19
bulk samples and 5 separated fine fractions by treating
red blood cells with 63–1000 μg/ml DE powder for 1 h.
A volume of 1 ml of sheep blood in Alsever’s solutions
(Oxoid Ltd.) was centrifuged at 5000 rpm for 2 min and
the supernatant removed. Isolated red blood cells were
washed three times with saline and 100 μl of cells were
added to 3.6 ml saline. Particle suspensions of 1 mg/ml
particles in saline were sonicated for 20 min, serially di-
luted to final concentrations, and 150 μl of the particle
suspensions added to 96 well plates in triplicate. Next,
75 μl of the prepared blood was added to each well, the
plate covered and placed on an orbital shaker for 1 h.
Post-exposure, the plate was centrifuged at 250 rcf for
5 min, 100 μl of the supernatant transferred to a new
plate and absorbance measured at 540 nm (SpectraMax
M5, Heriot-Watt University).
Cytotoxicity was measured using alamarBlue® (a meas-
ure of mitochondrial enzyme activity) and lactate de-
hydrogenase (LDH; a measure of membrane integrity)
assays (Heriot-Watt University). These assays were per-
formed on the five fine fractions, their corresponding bulk
samples, two bulk samples chosen due to their haemolytic
potential (DE_11 and DE_22), as well as a further unpro-
cessed bulk sample (DE_15). The samples were suspended
in RPMI medium containing 10 μl/ml L-glutamine, 10 μl/
ml penicillin and streptomycin, and 10 % bovine foetal
serum (complete medium), and sonicated for 20 min. J774
macrophages were seeded in a 96 well plate (5 × 104 cells
per well) and exposed to 100 μl of DE suspension in con-
centrations of 8, 16, 31, 63, 125, 250, and 500 μg/ml for
24 h at 37 °C and 5 % CO2. Following exposure, the super-
natant was removed and stored at −80 °C for LDH and
cytokine analysis. A solution of 1 mg/ml alamarBlue® re-
agent (resazurin sodium salt; Sigma) in saline was diluted
1:10 in complete medium and 100 μl added to the cells.
The plate was incubated for 4 h and fluorescence mea-
sured at excitation at 560 nm and emission at 590 nm.
LDH release from macrophages was measured by adding
10 μl of cell supernatant to 50 μl 1 mg/ml NADH in
0.75 mM sodium pyruvate, incubating for 30 min at 37 °C
in 5 % CO2, adding 50 μl of 2 mg/ml 2,4-dinitrophenylhy-
drazine in 1 M HCl and incubating for 20 min at room
temperature in the dark, before adding 50 μl 4 M sodium
hydroxide and measuring the absorbance at 550 nm.
Cytokine production was measured as a marker of in-
flammation using BD™ Cytometric Bead Array cytokine
flex sets (bead based immunoassay; BD Biosciences,
Heriot-Watt University). Flow cytometry was used to dis-
criminate between different bead populations based on
size and fluorescence, according to the manufacturer’s in-
structions. Keratinocyte chemoattractant (KC), interleukin
1β (IL-1β), tumour necrosis factor alpha (TNF-α) and
interleukin 10 (IL-10) were measured for cells treated with
125 μg/ml or lower of the fine fractions of DE only. TNF-
α and IL-1β are pro-inflammatory cytokines associated
with silica induced toxicity [36, 37], IL-10 is an anti-
inflammatory cytokine providing information on the bal-
ance between pro- and anti-inflammatory signalling, and
KC induces neutrophil and macrophage chemotaxis. For
samples demonstrating cytotoxicity, the LC20 concentra-
tion, two times the LC20 and half the LC20 would gener-
ally be assessed to investigate cytokine production.
However, in low toxicity samples, where an LC20 was not
reached, only a concentration of 125 μg/ml was chosen to
evaluate the inflammatory response.
Cells treated with the five fine fractions were imaged
by light microscopy. J774 cells (2.5 × 105) were treated
with 600 μl of 63 μg/ml DE in a 24 well plate. Cells were
scraped from the plate and 50 μl of the cell suspension
diluted in 300 μl saline and centrifuged onto a micro-
scope slide at 1160 rcf for 5 min. The treated cells were
dried and stained with Diff-Quik (Fisher Scientific).
Briefly, slides were dipped in methanol, then Eosin G in
phosphate buffer and Thiazine dye in phosphate buffer,
rinsed with H2O and air dried.
In all assays, Triton-X was used as a positive control
and untreated cells as a negative control. DQ12 was
used as a positive crystalline silica standard and TiO2 as
a negative particle standard. A calcite standard was also
used in the alamarBlue® and haemolysis assays, due to a
Nattrass et al. Journal of Occupational Medicine and Toxicology  (2015) 10:23 Page 4 of 16
high calcite content in some samples. Results are pre-
sented as the relative percentages of the positive and
negative controls.
Statistical analysis
Student’s t-test and ANOVA general linear model with a
Tukey’s post-hoc test were performed to determine the
significance of differences among samples in the in vitro
assays (Minitab 15). Pearson’s correlation test was used
to determine significant correlations amongst different
physicochemical characteristics and toxicological results




The bulk chemical composition was variable across de-
posit sources and processing technique (Table 1). All sam-
ples were predominantly SiO2, which ranged from 87 to
94 wt.%. Samples contained up to 7 and 4 wt.% Al2O3 and
Fe2O3, respectively. Fe2O3 content was highest in French
samples and Al2O3 contents were lower in Spanish sam-
ples compared to other locations. Samples from Spain had
CaO contents up to 9 wt.%, substantially higher than from
all other locations. On average, flux-calcined samples con-
tained significantly more Na2O than unprocessed and cal-
cined samples from all locations (p <0.001), and contained
less Al2O3 than calcined samples. Other elements com-
prised <1.3 wt.% in all samples.
Crystalline silica
Crystalline silica content varied amongst samples, but
was the dominant mineral phase in flux-calcined and
calcined samples (Fig. 1). Flux-calcined samples were
predominantly cristobalite; though, samples from China
and USA also contained small quantities of quartz
(Fig. 1c). Conversely, calcined samples contained cristo-
balite as well as quartz, with the exception of
cristobalite-only Mexican samples DE_20 and DE_24
(Fig. 1b). Quartz was the dominant crystalline silica
polymorph in calcined samples DE_16 and DE_21,
whereas cristobalite was the dominant phase in the other
calcined samples. On average, cristobalite peak intensity
was three times higher in flux-calcined samples than in
calcined samples, as calcined samples retained more
amorphous material and a proportion of the crystalline
silica was quartz. These differences in abundance were
substantiated by qualitative SEM imaging. Unprocessed
samples were predominantly amorphous and only con-
tained small amounts of cristobalite (Fig. 1a) or, rarely,
quartz was observed in all four samples.
By backscatter SEM, crystalline silica appeared as dark
grey patches within lighter grey matrices of amorphous
material (Fig. 2). In samples that contained both quartz
and cristobalite, cristobalite could often be identified by
characteristic ‘fish-scale’ cracking, indicative of the par-
ticle having undergone the transition from the high-
temperature beta form to the low-temperature alpha
form [38]. By EDS analysis on cristobalite-only samples
and ‘fish-scale’ patches in samples containing both poly-
morphs, Na, Al, Fe and Ca were detected in the cristo-
balite (Fig. 2). The amorphous matrix was enriched in
impurities compared to the cristobalite, containing Na,
Al, Fe, Ca, Mg, K, Ti and P (Fig. 2).
Contaminant phases
Spanish samples contained calcite (Figs. 1 and 3a); this
was most prominent in the unprocessed samples
(DE_05, DE_11), with only traces remaining in the cor-
responding flux-calcined samples (DE_06, DE_12). Cal-
cium silicates were observed in abundance in all Spanish
samples (Fig. 3b).
Clays were observed by SEM-EDS (texturally, and by
their high Al contents) and were most prevalent in
French samples (e.g. Fig. 3c), but were also observed in
samples from USA-1, Mexico and China. Distinct clay
Fig. 1 XRD patterns of (a) unprocessed, (b) calcined and (c) flux-calcined DE. C cristobalite, Q quartz, Ca calcite. Only primary peaks are labelled
for clarity. Quartz was not detected in unprocessed samples by XRD
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phases were not identifiable using textural features or
chemical composition, and quantities were too low for
detection by XRD.
In the French, unprocessed samples, iron-rich par-
ticles of up to 70 μm were observed and these were
iron and titanium-rich or iron and phosphorus-rich
particles (Fig. 3d). These larger particles were not
observed in the calcined and flux-calcined samples
from France; instead, small iron-rich patches were
seen throughout particles and sometimes in cracks
and pore spaces (Fig. 3e). Some of these deposits
were iron and titanium-rich but were mostly iron
and silicon. In calcined samples where the corre-
sponding unprocessed samples were not available,
iron-rich patches were seen throughout particles
(Fig. 3f ).
Physical properties
Bulk samples contained between 11 and 71 c.v. % parti-
cles <10 μm and between 5 and 25 c.v. % particles <4 μm
in diameter (Table 1), analogous to the thoracic and
respirable fractions, respectively [39]. Flux-calcined
samples were coarser than unprocessed and calcined
samples for both filler and filter aid grade samples.
Calcined samples had a wide range of particle size
distributions, containing between 22 and 71 c.v. %
<10 μm material (Table 1). The maximum particle
diameter observed in the separated fine fractions was
51 μm, reduced from 73 μm in the bulk fractions. Add-
itionally, 83–99 % of particles, by number, in the fine
fractions were <10 μm in diameter, compared to 73–
96 % in the bulk samples (Table 2). The separated frac-
tion of flux-calcined samples was coarser (median
diameter 1.5–2.6 μm) than the fine fractions of calcined
and unprocessed samples (median diameters 0.8 μm;
Table 2). These data are not comparable to laser dif-
fraction data, which present equivalent spherical diam-
eter in volume % so are heavily mass-biased.
Particle morphology varied substantially amongst
samples as the dominant diatom species qualitatively
varied with sample source. Samples from Chile, China,
Mexico and Spain contained predominantly disc-
shaped diatoms, whereas samples from USA-2 and
France consisted mainly of cylindrical diatoms (Fig. 4).
Samples sourced from USA-1 contained a number of
different diatom species and morphologies, including
disc-shaped, and long, thin diatoms (Fig. 4c). Most par-
ticles were fragments of diatoms and, therefore, particle
morphology varied substantially within individual sam-
ples. Processed samples contained some sintered
Fig. 2 Backscatter image and EDS spectra of flux-calcined DE particle. Backscatter image of DE particle in a flux-calcined sample with cristobalite
patches (dark grey; identified by cracking and cristobalite is only crystalline phase in this sample by XRD) surrounded by an amorphous matrix
(light grey). EDS spectra of (a) cristobalite patches showing Al and Na impurities and (b) amorphous matrix containing Na, Mg, Al, Ca, K and Fe
impurities. These are representative spectra from ~800 spot analyses of cristobalite patches and amorphous matrices (400 of each). Some
cristobalite patches also contained Ca and Fe, and some amorphous material also contained Ti and P
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Fig. 3 Backscatter images of contaminant phases in DE. a a pure calcite particle in unprocessed DE from Spain (DE_05), b a particle containing
calcium silicate (very light grey) and cristobalite patches (dark grey) in flux-calcined DE from Spain (DE_06), c a clay mineral particle in an
unprocessed sample from France (DE_13), d a large iron phosphate particle in unprocessed DE from France (DE_13), and e-f iron-rich patches
within particles in French (DE_16) and Mexican (DE_24) calcined samples
Table 2 Particle size measured by SEM image analysis
Sample Maximum particle diameter (μm) Median particle diameter (μm) Particles <10 μm diameter (number %) Fibre-like particles (%)
Bulk Fine Bulk Fine Bulk Fine Bulk Fine
DE_05 26.9 18.5 1.7 0.8 96.6 99.2 17.9 15.4
DE_20 52.0 31.5 1.9 0.8 94.1 96.5 21.2 18.8
DE_24 47.0 17.3 1.8 0.8 96.5 99.0 17.8 16.4
DE_08 73.0 43.7 5.0 1.5 73.2 82.7 3.3 5.7
DE_10 46.2 51.3 4.1 2.6 77.9 83.0 4.9 9.8
Includes maximum particle diameter, median particle diameter, the number % of particles <10 μm, and the number % of fibre-like particles in five bulk samples
and their corresponding fine fractions
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particles and fused pores, and this was most evident in
flux-calcined samples, where large agglomerates of dia-
toms were observed (Fig. 4d).
In the five bulk samples and equivalent fine fractions,
between 3 and 21 % of particles, by number, were clas-
sified as fibre-like (Table 2). The total number of fibre-
like particles was 2 to 6 times lower in flux-calcined
samples than in unprocessed or calcined samples, for
both bulk samples and fine fractions (Table 2).
Surface area did not vary much among flux-calcined
samples and was always <1.7 m2/g. However, in cal-
cined and unprocessed samples, surface area varied
Fig. 4 SEM images of examples of DE morphologies. a disc-shaped DE found in Chilean, Chinese, Mexican and Spanish samples, b cylindrical
diatoms found in French and USA-2 samples, c fibre-like rods (black arrows) and diatom rinds (white arrows), and d a large agglomeration of fused
diatoms in a flux-calcined DE sample
Fig. 5 Haemolytic potential of DE samples. Percent haemolysis relative to an untreated control, of sheep red blood cells post-exposure to 1 mg/
ml of unprocessed (white), calcined (light grey) and flux-calcined (dark grey) DE and positive (DQ12) and negative (TiO2) standards (black). Error bars
represent standard error (n = 3), *** p = <0.001 difference from untreated control
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substantially, ranging from 3.1 to 10.6 m2/g in calcined




Haemolysis results are shown in Fig. 5 for bulk samples.
Haemolysis caused by the fine fractions did not differ sig-
nificantly from their corresponding bulk samples and,
hence, are not shown. Unprocessed samples from Spain
(DE_05 and DE_11) were two of the most haemolytic
samples, with DE_11 as haemolytic as DQ12. The most
haemolytic calcined sample, DE_22, was one third as
haemolytic as DQ12 at the highest concentration. All
other samples were not significantly haemolytic at any
concentration tested, including the calcite standard (data
not shown).
Cytotoxicity
In the alamarBlue® assay (Fig. 6), there was no statistically
significant difference in cytotoxicity of bulk DE samples
and their separated fine fractions. Bulk flux-calcined sam-
ples, and DE_20 and DE_15, TiO2 and calcite did not differ
from the untreated control. All other samples exhibited a
cytotoxic response and the cytotoxicity of DE_24 (bulk
and fine), DE_22, DE_11 and the fine fraction of DE_05
did not differ significantly from DQ12 (p > 0.2). LDH re-
lease data were in broad agreement with cell viability mea-
surements via the alamarBlue® assay, in that flux-calcined
samples were less cytotoxic than unprocessed and calcined
samples (Additional file 1).
Cytokine release
Only TNF-α was produced by macrophages in concen-
trations greater than untreated cells following exposure
to the fine-fraction samples (Fig. 7, data for other cyto-
kines given in Additional file 1). DE_05, DE_20 and
DE_24 all increased TNF-α production, with DE_05 in-
ducing the greatest TNF-α production at 125 μg/ml,
which was 2.7 times greater than that released following
treatment with DQ12. For the calcined samples (DE_20,
DE_24), the induction of TNF-α production by treated
cells was comparable to that induced by DQ12. In con-
trast, DE_10 and DE_08 did not enhance TNF-α
production.
Cell imaging
Imaged cells treated with the fine fractions of DE and an
untreated control are shown in Fig. 8. In the treated
cells, there was some degree of frustrated phagocytosis,
with instances of numerous cells attempting to phago-
cytose the same particle and particles not fully engulfed
(Fig. 8b-d). Qualitatively, evidence of frustrated phago-
cytosis was more abundant in cells treated with calcined
or unprocessed samples, compared to flux-calcined sam-
ples, but were observed in all cases.
Discussion
The variability of DE properties
DE deposits vary in composition and diatom species
providing DE particles with a range of physical and
chemical properties. Treatment of DE by calcination is
used to optimise these properties for use in the filtration
and filler industries, during which amorphous silica
Fig. 6 Cell viability of J774 macrophages exposed to DE. Cell viability relative to an untreated control (% of untreated control–positive control),
measured by the alamarBlue® assay, of J774 macrophages exposed to 500 μg/ml of bulk (solid) or the fine fraction (hashed) of unprocessed
(white), calcined (light grey) and flux-calcined (dark grey) DE, and positive (DQ12) and negative (TiO2) standards (black) for 24 h. No data for fine
fractions of DE_11, DE_15 and DE_22. Error bars represent standard error (n = 4), *** p = <0.001 difference from untreated control
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crystallises [1, 2]. Here, crystalline silica contents and
polymorphs varied substantially amongst DE samples
from different locations, with processing playing a key
role. Flux-calcined samples were the most crystalline
silica-rich, and cristobalite was the dominant crystalline
silica polymorph. Most calcined samples contained both
cristobalite and quartz and there is some evidence that
the quartz formed during calcination (based on data
from the unprocessed DE_15 and calcined DE_16 sam-
ples). This distribution of crystalline silica polymorphs
by processing technique has also been observed by
Ghiazza et al. [27] and Elias et al. [28]. The preferential
crystallisation of cristobalite in flux-calcined samples is
likely due the addition of the fluxing agent: doping of
Fig. 7 TNF-α production by macrophages exposed to the fine fractions of DE. Exposure to unprocessed (white), calcined (light grey) and
flux-calcined (dark grey) DE and a positive standard (DQ12) for 24 h. Error bars represent standard error (n = 8). * p = <0.05, ** p = <0.01,
*** p = <0.001 compared to untreated control
Fig. 8 Frustrated phagocytosis in macrophages treated with DE. Light microscopy image of (a) untreated macrophages, and (b-d) macrophages
treated with DE showing indicators of frustrated phagocytosis
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amorphous silica with sodium salts promotes cristobalite
crystallisation instead of quartz at the temperatures used
for calcination [40, 41]. It is unknown why quartz prefer-
entially forms in some calcined samples, whereas in
others only cristobalite was observed (Mexican samples
DE_20 and DE_24). Unprocessed samples contained
trace quantities of cristobalite and quartz; the cristobal-
ite in unprocessed samples likely forms by diagenesis of
amorphous silica over time, or is possibly from other
sources, such as volcanic deposits [2].
Cristobalite formed in patches throughout particles,
crystallising within a matrix of amorphous material
(Fig. 2). The cristobalite patches in the samples analysed
were impure, containing Al, Na, Ca and Fe (e.g. Fig. 2).
Aluminium and Fe ions can substitute for Si in the silica
tetrahedra, but require interstitial cations (e.g., Na or
Ca) to charge balance the substitution [42], as has been
discussed for volcanic cristobalite [43, 44].
Contaminant phases were observed in all samples.
Spanish deposits contained calcite (DE_05, DE_11),
which would thermally decompose at calcination tem-
peratures (~1000 °C) [45], allowing Ca and Si to form
calcium silicates, which were in abundance in flux-
calcined samples from Spain. Clay minerals and iron-
rich particles are also likely to be broken down during
calcination as few individual clay mineral particles or
large, iron-rich particles were seen in processed samples
compared to unprocessed samples from France. As with
Ca in Spanish samples, this frees Fe ions to react with
Si, and precipitate in pores and cracks, which was seen
in all calcined samples (Fig. 3e-f ). The addition of a so-
dium carbonate flux leads to sodium silicate melt bind-
ing with Fe [2], which explains the lack of iron-rich
particles in flux-calcined samples.
Physical properties varied substantially among the sam-
ples. Flux-calcined particles had complex morphologies,
and were coarser and had lower surface area than calcined
and unprocessed samples, due to sintering of particles into
large agglomerates and the closure of pore spaces [3]. The
morphology of diatom frustules varied with source (Fig. 4);
however, the abundance of fragmented frustules in all sam-
ples meant diatom species, alone, could not be used as a
good proxy for particle morphology.
The variability of the potential toxicity of DE
Previous studies of DE toxicity insufficiently constrain the
respiratory hazard posed by exposure to DE deposits
worldwide: epidemiology studies have mainly focussed on
DE workers in a single location (California) (e.g. [9, 10,
14–17]), and are unable to distinguish between exposure
to unprocessed or processed DE, while toxicology studies
rarely state the sample source and investigate few samples.
Therefore, variability among deposits and processing tech-
niques has not been fully considered. Here, we show that
DE is not a single entity, with a toxic potential that ranges
from unreactive to as haemolytic or cytotoxic as the posi-
tive standard α-quartz (DQ12).
Unprocessed samples from Spain (DE_05 and DE_11)
were haemolytic and induced significant cytotoxicity to
macrophages. Furthermore, DE_05 induced a large in-
crease in TNF-α release from treated macrophages
relative to processed samples, indicating the potential
for unprocessed DE to incite inflammation if inhaled.
However, unprocessed samples from France did not in-
duce any measurable haemolysis or cytotoxicity, sug-
gesting that the potential toxicity of DE can vary by
deposit source.
Flux-calcined samples all displayed low haemolytic po-
tential, cytotoxicity and cytokine release from treated
cells. This suggests that short-term exposure to flux-
calcined samples may not result in toxicity or an inflam-
matory response. There was no variation in the reactivity
of flux-calcined samples from different locations, sug-
gesting that flux-calcination is key to dampening the ad-
verse effects attributed to DE. This is likely due to
alteration of the physicochemical properties of DE dur-
ing flux-calcination and is discussed in detail below.
DE_22 from USA-1 was the only calcined sample that
elicited a haemolytic response and was also one of the
most cytotoxic samples analysed. This introduces the pos-
sibility that data in epidemiological studies from the USA
may not be representative of likely disease outcomes
worldwide. However, other calcined samples from USA-1
were non-haemolytic, emphasising the variable reactivity
that exists amongst samples from a single deposit source.
Calcined samples from Mexico were cytotoxic but not
haemolytic. Therefore, as these assays assess different
mechanisms of toxicity, and there is a disagreement in
sample reactivities among the assays for samples from
some locations but not others, different mechanisms may
be responsible for the observed reactivity.
Factors affecting DE toxicity
Presence of crystalline silica
Here, total crystalline silica (quartz plus cristobalite)
content alone did not control DE reactivity in vitro
(Fig. 9), as has also been reported by other in vitro tox-
icity studies [24–27]. This contrasts with previous epi-
demiology studies that attribute observed pathologies to
crystalline silica in processed DE [e.g. [9, 14]]. Some of
these studies are referenced in reviews of crystalline sil-
ica toxicity [46, 47], and are used in determining safe ex-
posure limits to crystalline silica [e.g. [48]].
The low reactivity of all flux-calcined samples agrees
with previous reports on discrete samples [24, 25, 27, 31].
Ghiazza et al. [27] suggested that the low levels of cytotox-
icity, lipid peroxidation and NO synthesis caused by crys-
talline silica-rich flux-calcined DE was due to the
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formation of a vitreous rim during flux-calcination, which
obscured cell exposure to cristobalite in these samples. No
vitreous rim, per se, was observed in this study but the
cristobalite is partly occluded, occurring in patches within
the otherwise amorphous particles, resulting in a variable
percentage of cristobalite at the particle surface. This may
account for the lack of correlation between crystalline
silica content and potential toxicity. The variable toxicity
of crystalline-silica bearing dusts is well established [e.g.
[36, 49, 50]], and the hosting of crystalline silica within
heterogeneous particles has previously been suggested to
explain variations in the toxic potential of quartz-rich coal
dusts [49, 51], and to mask the toxicity of cristobalite in
volcanic ash [44]. Here, exposure times for the cytotoxicity
assays were short (24 h), and the amorphous matrix may
have low bio-durability, thereby exposing more cristobalite
at the surface of the particle over time. Therefore, future
longer exposures and in vivo experiments may be
necessary.
Toxicity of the limited surface cristobalite could be fur-
ther dampened by the presence of cation substitutions
(Fig. 2), as structural impurities have been hypothesised to
decrease the toxic potential of cristobalite in volcanic ash
[44]. Treating quartz with aluminium salts or clay extracts
has also been shown to reduce its toxicity and haemolytic
potential [52–55], and quartz in coal with clay mineral im-
purities had lower toxicity than pure, coal-sourced quartz
[51]. Therefore, the production of aluminium ions via
breakdown of aluminium-rich components of the DE
samples could affect the cristobalite exposed at the surface
of particles, decreasing the potential toxicity. Conversely,
treating quartz with ferric or ferrous iron does not change
its toxic potency in vivo [52] and can decrease its haemo-
lytic potential [54]. However, Fubini et al. [56] showed
iron may increase silica toxicity via production of free
radicals. Therefore, the role of iron in determining DE
crystalline silica toxicity remains unclear.
Reactivity of contaminant phases
Some samples with little to no crystalline silica were
highly reactive, indicating contaminant phases may con-
trol the in vitro response in those samples. The presence
of calcite could explain the high reactivity of Spanish
(calcite-rich) unprocessed samples: Aladdin et al. [57]
have shown exposure to calcite alone caused significant
cytotoxic effects in human epithelial cells and inflamma-
tion in mice, and Diler and Ergene [58] showed that
micronuclei and nuclei abnormalities were more com-
mon in calcite factory workers than control groups.
However, as the calcite standard was non-reactive in
both the haemolysis and alamarBlue® assays, it is unlikely
that calcite content is solely responsible for the different
reactivity of Spanish unprocessed and flux-calcined DE.
The presence of clays may also have an effect, as some
clays have been shown to be more haemolytic than crys-
talline silica [59, 60]. However, the lack of clay in proc-
essed DE samples and the low reactivity of French,
unprocessed samples, suggests that clay minerals are not
the cause of DE induced toxicity.
Iron has been hypothesised as a source for free rad-
ical generation in DE [26], and was measured in quan-
tities of up to 4 wt.% here and, therefore, could be
contributing to the potential toxicity. Bulk iron content
did not correlate with either haemolysis or cytotoxicity
(Additional file 1); however, further work would be re-
quired to determine the co-ordination of iron and its
potential to produce free radicals. Calcined samples all
contained iron-rich phases but had variable toxicity,
suggesting total Fe does not control the reactivity of
these samples. Also, previous studies have shown ferric
Fig. 9 Relationship between crystalline silica content and reactivity in vitro. Correlation of crystalline silica content of DE (measured by the
addition of cristobalite and quartz peak heights, accounting for different diffraction power using standards) with (a) haemolysis post-exposure to
1 mg/ml bulk DE, and (b) cell viability post-exposure to 500 μg/ml bulk DE
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and ferrous oxides to have low cytotoxicity [61], although
exposure to ultrafine iron oxide particles has been shown
to lead to oxidative stress and a pro-inflammatory re-
sponse in rats [62, 63]. Soluble iron oxide has also been
shown to be cytotoxic to human mesothelioma MSTO-
211H cells [64]. However, as soluble components of the
DE were non-cytotoxic (see Additional file 1), this is un-
likely to be the case here.
Amorphous silica is generally perceived as less toxic
than crystalline silica [49] but can be reactive in vitro
[65, 66]. The ability of amorphous, unprocessed DE to elicit
a haemolytic or cytotoxic response, or induce abnormal nu-
clei growth in vitro [24, 25, 29], and cause fibrosis in vivo
[30], has also previously been demonstrated. Unprocessed
samples from Spain, the most haemolytic of all samples,
were predominantly amorphous. The cytotoxic (DE_20,
DE_22 and DE_24) and haemolytic (DE_22) calcined sam-
ples also contained a substantial amount of amorphous
material. It is possible that the amorphous phases of these
samples are linked to their reactivity, as certain vitreous
silicas have been shown to be more haemolytic than
quartz [66]. However, the lack of haemolysis caused by
French, unprocessed samples, which were also predomin-
antly amorphous, means that amorphous material is un-
likely the predominant control on the observed reactivity.
The high levels of impurities in processed amorphous ma-
terial (Fig. 2) may also play a role in its biological reactivity
at the surface of the particle, but further work is needed to
determine this.
Therefore, although the mineralogical and chemical
compositions are likely to play a role in DE toxicity, no de-
finitive link can be made between individual characteris-
tics considered here and the potential toxicity measured
in this study.
Physical properties
Surface area has been related to pro-inflammatory re-
sponses [67, 68], and the surface area of processed DE
may be a key factor controlling toxicity. Correlations be-
tween bulk surface area of processed samples (calcined
and flux-calcined) and haemolysis or cell viability were ob-
served (Fig. 10). In flux-calcined samples, up to 27 % of
particles were >10 μm (Table 2), which may account for
their low surface area (Table 1) and, accordingly, their low
reactivity. However, the variable particle size distributions
of unprocessed and calcined DE could not be correlated
to their toxic potential (Additional file 1), and the correl-
ation between surface area and reactivity could not be ex-
tended to unprocessed samples. This suggests that other
parameters are responsible for their observed toxicity.
Fibres can cause frustrated phagocytosis, where mac-
rophages struggle to fully engulf particles [69]. Fibre-like
particles, up to 21 %, in calcined and unprocessed sam-
ples, were mainly in the form of diatom ‘rinds’ or small
fragments of diatoms. The lower abundance in flux-
calcined samples is likely due to sintering of fragments
into large agglomerates. Previously, DE containing fibre-
like particles (aspect ratio >3) was shown to be more po-
tent in vitro than ‘non-fibrous’ DE [70], suggesting that
particle morphology could play a role in the observed
cytotoxicity. Particle morphology is important in phago-
cytosis [71] and, here, frustrated phagocytosis was
observed and some fibre-like particles were not phagocy-
tised. This was most evident for calcined and unprocessed
samples (which had the highest % of fibre-like particles),
where TNF-α production and LDH release, potential indi-
cators of frustrated phagocytosis [72], were also elevated
above flux-calcined samples. Frustrated phagocytosis was
also observed as a number of cells attempted to engulf lar-
ger, disc-shaped diatoms. This was observed after treat-
ment of cells with all of the fine fraction samples,
suggesting that large, disc-shaped particles may play a role
in DE toxicity, as platelets have been recently identified as
a novel respiratory hazard [73], and DE particles with a
diameter >7.5 μm have previously been suggested to de-
termine DE toxicity [24].
Fig. 10 Relationship between BET surface area and DE reactivity in vitro. Correlation between surface area and (a) haemolysis post-exposure to
1 mg/ml bulk DE, and (b) cell viability post-exposure to 500 μg/ml bulk DE
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Conclusions
This study, the first to systematically characterise the
physicochemical properties and potential toxicity of a
range of globally sourced DE samples, shows that the
toxic potential of DE varies by processing technique and
source. Flux-calcined samples were unreactive, whereas
unprocessed and calcined DE had variable reactivity.
No correlation was observed between crystalline silica
content and DE’s potential toxicity, despite previously
being implicated in epidemiological studies of DE expos-
ure. The dearth of crystalline silica at the particle sur-
face, due to its crystallisation within an amorphous
matrix, its presence in a heterogeneous dust, and impur-
ities within the crystalline silica likely reduce the poten-
tial reactivity of these crystalline silica-bearing particles.
It is likely that a number of physicochemical properties
play a role in DE toxicity. Calcium-rich phases may be
important in the toxicity of some unprocessed samples,
and iron or amorphous phases may be involved in cal-
cined DE toxicity. Surface area, especially, was correlated
to calcined and flux-calcined DE reactivity here, and the
importance of surface reactivity and the unique particle
morphologies of DE merits further investigation.
Although no single physicochemical property of DE
considered here could be linked to its potential toxicity,
a clear outcome of this study is that the crystalline silica
content, alone, should not be used to determine the DE
hazard, nor should it be assumed that it is the cause of
disease observed in epidemiological or clinical studies
without further investigation.
Additional file
Additional file 1: This document includes additional data including
LDH and cytokine release data and correlations between and bulk
Fe content and in vitro toxicity, and particle size and in vitro
toxicity, which are all referred to in the main manuscript.
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